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ABSTRACT
Regeneration of missing body parts is biologically fascinating, yet poorly understood.
Many instances of regeneration, such as the replacement of amphibian limbs or
planarian heads, require both a source for new cellular material as well as mechanisms
to specify, differentiate, and pattern the regenerate. The planarian Schmidtea
mediterranea is a classic system for studies of regenerative biology in which proliferating
cells known as "neoblasts" provide the source of new cellular material for regeneration.
Stem cells that might be present within the neoblast population, however, have not yet
been defined. Such cells could therefore be either pluripotent or, alternatively, a
heterogeneous collection of lineage-restricted cell types. In order to distinguish these
models experimentally, methods for clonal analysis were developed here and used to
assess descendants of individual neoblasts. Individual cells, termed "Clonogenic
Neoblasts" (cNeoblasts) were identified that gave rise to large descendant cell colonies
in vivo. Individual cNeoblasts generate descendants spanning multiple germ layers and,
in single cell transplantation experiments, all cells of the adult body. These data indicate
that adult pluripotent stem cells (cNeoblasts) are the source of new tissue for planarian
regeneration.
Despite a sequenced genome and the availability of RNAi, the genetic basis for stem cell
regulation in Schmidtea mediterranea has remained largely unexplored. Using
microarrays, a genome-scale approach was taken to identify and characterize genetic
factors specifically expressed in proliferating cells (neoblasts) of adult planarians.
Genes identified by microarray were RNAi screened using quantitative assays(developed here) for expansion and differentiation of cNeoblast descendants.
Several genes encoding proteins with conserved roles in germ cell biology (e.g. Vasa)
and chromatin regulation (e.g. Polycomb proteins Ezh, Sz12, and Eed) were identified
as required for proliferative cell expansion and/or differentiation, along with additional
genes encoding three zinc finger proteins, two transcription factors, and two candidate
RNA-binding proteins. These experiments suggest that cNeoblast regulation involves
mechanisms shared with germ cells and embryonic stem cells, and provide a powerful
framework for future investigations of planarian stem cell function.
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Chapter 1 : Introduction
I. Cellular Mechanisms for Regeneration
Introduction to the Regenerative Process
The ability to regenerate missing body parts following injury is perhaps one of
the most fascinating biological processes known, and has captured the imagination
of biologists for centuries. Regeneration can achieve remarkable biological feats vital
to the survival of an organism, such as the replacement of limbs and heads following
amputation. Cell biological mechanisms that promote regeneration, furthermore, are
also often responsible for maintaining turnover and homeostasis of adult tissues, a
phenomenon that is less visually apparent but no less essential for adult life. Studies
of regeneration, finally, could lead to applications for human health similar to bone
marrow transplants, in which inherent regenerative mechanisms are harnessed and/or
manipulated for medical purposes.
The term regeneration is frequently used to describe a wide range of processes
that might bear little similarity to each other at the organismal or cellular level. Liver
regeneration after partial hepatectomy, for example, refers to the process by which
quiescent hepatocytes (a single cell type) replicate to restore liver mass (Fausto et
al., 2006). The process of regeneration in invertebrates such as freshwater Hydra or
planarians, on the other hand, can generate entirely new, fully patterned bodies from
small pieces of tissue (Galliot et al., 2006; Reddien and Sanchez Alvarado, 2004). In
this latter form, regeneration can even be considered a form of asexual reproduction
in which embryonic development is bypassed by the activity of adult cells. Between
these two extremes lie many other forms of regeneration, such as the replacement of
salamander limbs (Nacu and Tanaka, 2010) or zebrafish tail fins (Akimenko et al., 2003),
which require the activity of several (but not all) adult cell lineages. Due to the wide
range of uses for the term "regeneration", definition and consistent use of terms is critical
when describing and comparing phenomena from different biological contexts. Here, I
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will use the term "regeneration" to describe processes encompassing both (1) new cell
production and (2) morphogenesis of these cells into a new organ or body region.
Many instances of regeneration in fish, salamanders, and flatworms, share a
common sequence of events following injury that ultimately lead to replacement of
missing tissue (Fig. 1A). Within minutes of wounding, epithelial cells spread to cover
the site of amputation (Becerra et al., 1996; Chandebois, 1979; Iten and Bryant, 1973).
Experiments have shown that the establishment of a "wound epidermis" is necessary
for regeneration (Akimenko et al., 2003; Campbell, 2008; Tassava and Mescher, 1975),
and extensive evidence exists for multiple signaling cascades (e.g., Fgf and Wnt) acting
at the boundary between the wound epidermis and underlying mesenchymal cells
to promote the regenerative response (Lee et al., 2009; Stoick-Cooper et al., 2007;
Whitehead et al., 2005; Yokoyama and Ide, 2001; Yokoyama et al., 2007). Regeneration
of missing tissue often takes place at the plane of amputation via the generation of a
typically unpigmented structure called the regenerative blastema. A blastema, defined
morphologically, is a collection of mesenchymal cells surrounded by epidermis, which
elongates and differentiates to replace missing structures (Akimenko et al., 2003;
Nacu and Tanaka, 2010; Reddien and SAnchez Alvarado, 2004). Blastema-based
regeneration is also often referred to as "epimorphosis" (Morgan, 1898). Both blastema
formation and outgrowth are intimately associated with the local division of mesenchymal
cells (Nechiporuk and Keating, 2002; Newmark and Sanchez Alvarado, 2000; Sal6 and
Baguhn, 1989; Wenemoser and Reddien, 2010); depletion of proliferative cells (e.g., by
y-irradiation) has been shown to eliminate regenerative ability (Bardeen and Baetjer,
1904; Butler, 1933, 1935; Dubois, 1949). Although the specific details of these events
differ between organisms, requirements for wound closure, cell proliferation, outgrowth,
and differentiation typify many instances of regeneration. Not all missing tissues,
however, are generated by blastemas. Some structures, such as the muscular pharynx
of planarians, are located within and regenerated from internal regions of the body via
a process termed morphallaxis (Morgan, 1898). The term morphallaxis also is used to
encompass rescaling of form that often also occurs in preexisting (non-blastema) tissues
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during regeneration (Bosch, 2007; Morgan, 1898; Reddien and SAnchez Alvarado,
2004).
Lineage Potential of Regenerative Cells
Carefully defined terms provided by the stem cell research community are useful
for discussions of cell fate in regeneration. Cells are said to be "pluripotent" if they can
(at the single cell level) differentiate into all cell types of the body, "multipotent" if they
can differentiate into multiple distinct cell types, and "unipotent" if they differentiate into
only one cell type (Wagers and Weissman, 2004). Germ line stem cells, for example,
only produce one type of immediate descendant (i.e., gametes) and can be considered
unipotent. A zygote, on the other hand, goes on to produce all cells of the body, and
can therefore also be considered pluripotent. In addition to all somatic cell types, a
fertilized egg also contributes to extraembryonic tissues (e.g., the placenta) and is thus
designated in the mouse "totipotent" (Wagers and Weissman, 2004). The pluripotency -
totipotency distinction, however useful in mammalian systems, does not always translate
to the biology of invertebrates. Animals reproducing by budding or asexual fissioning,
for example, do not proceed through embryonic development and therefore do not
always generate extraembryonic tissues'. Overall, however, these terms provide a
useful conceptual framework, allowing hypotheses for the cellular basis of regeneration
to be phrased explicitly: are individual cells responsible for regeneration unipotent,
multipotent, or pluripotent? (Fig. 1 B)
Regeneration of the Amphibian Limb
The history and advancement of cellular models to explain amphibian limb
regeneration demonstrate many of the considerations and subtleties inherent
to investigations of cell fate. Several amphibians including newts, axolotls and
salamanders, possess remarkable capacity to regenerate entire limbs following
1 For consistency, this thesis will use the term "pluripotent" to designate a capacity to generate all somatic cells of the
adult body via a regenerative process. "Totipotent" is reserved for cases in which a cell has also been demonstrated give
rise to the germline as well as all tissues (including extraembryonic structures) during embryonic development.
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amputations at a range of positions along the limb proximal-distal axis (Nacu and
Tanaka, 2010). The vertebrate limb is a particularly complex structure containing
epidermis and underlying dermal layers enclosing muscle, blood vessels, connective
tissue, bone, and nerves, all of which must be specified, differentiated and appropriately
patterned in the regenerative blastema. Early morphological studies of the stages
of amphibian limb regeneration noted that prior to and during blastema formation,
differentiated cells underlying the wound epidermis lose their differentiated cell
morphology, acquire mesenchymal-like characteristics, and re-enter the cell cycle
(Brockes, 2002; Iten and Bryant, 1973). Similar cellular events are observed following
fin amputation in various species of fish (Becerra et al., 1996; Nechiporuk and Keating,
2002). These "dedifferentiated" mesenchymal cells present in the blastema later give
rise to differentiated tissues of the regenerating limb (Iten and Bryant, 1973). Because
blastema cells appeared to be both morphologically equivalent and appeared to be
progenitors of various cell types, one possible interpretation of these phenomena is that
mature cells adjacent to the amputation plane dedifferentiate, acquire a multipotent or
pluripotent state, and subsequently transdifferentiate into various cell lineages required
for regeneration (Tamura et al., 2010).
Both the origin and developmental potential of blastema cells have been
explored in amphibians, and a long history of transplantation experiments has suggested
that these cells might arise, through a process of dedifferentiation, from a vast array of
tissue types. Through the use of irradiation, it is known that proliferative blastema cells
originate locally from within the limb. Irradiation of limb structures, for example, inhibits
regenerative ability whereas irradiation of the entire body, excluding the limb, does not
(Butler, 1935; Steen, 1970). Transplantation of tissue grafts into an irradiated limb,
therefore, has provided an experimental model for studying the contribution of donor
grafts to regenerating blastemas (Namenwirth, 1974; Thornton, 1942). Together with
various strategies for identifying donor-derived tissue (e.g., dye labeling, ploidy, and/or
pigmentation) evidence generated from transplantation experiments has long been cited
to support models for dedifferentiation and subsequent transdifferentiation of blastema
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cells into a variety of tissue types including nerves (Wallace and Wallace, 1973), skin
(Dunis and Namenwirth, 1977), and muscle (Echeverri and Clarke, 2001; Lo et al., 1993;
Namenwirth, 1974). A major limitation of these transplantation experiments, however, is
the likely contribution of contaminating donor cells to surgically generated tissue grafts.
This, combined with the fact that a blastema cell is defined rather loosely, as a cell with
mesenchymal cell morphology with a large nucleus, "scant" cytoplasm, and the ability to
divide (Steen, 1970), it is plausible - perhaps likely - that such observations of apparent
developmental plasticity arise instead from internal heterogeneity of the "blastema cell"
population.
Poorly-defined criteria for "blastema cells" as well as the risk of contamination
in transplant experiments were both recognized early on as serious drawbacks for
the interpretation of experiments performed in the regenerating limb. Concerning the
blastema, Steen (1970) noted that "it could be a homogeneous bud of totipotent cells,
or it could be composed of a set of sub-populations each representing a particular cell
type regenerating self-wise." Steen also observed that "Cartilage is presently the best
available tissue for studies of the differentiation capacity of blastemal cells, because
when cleaned free of all adherent cells, only one [donor] cell type is present" (Steen,
1970). Indeed, transplantation experiments performed using cartilage as the donor
tissue revealed much less developmental plasticity than those performed with bulk skin
or muscle grafts. Using 3H-thymidine-labeling, it was observed that cartilage tissue
grafted into unirradiated hosts underwent morphological dedifferentiation into blastema
cells, but then redifferentiated almost exclusively into chondrocytes (Steen, 1968).
Observed developmental plasticity of cartilage tissue grafts increased when transplanted
into irradiated hosts, but was confined to skeletal and dermal lineages: triploid cartilage
cells gave rise to cartilage as well as perichondrium, joint connective tissue, sub-
epidermal fibroblasts, and fibroblasts, but not muscle or epidermis, when grafted into
X-irradiated limbs (Namenwirth, 1974). The importance of tissue purity was further
demonstrated by comparing results of bulk skin transplants to those of transplants
with epidermis alone (i.e., skin with underlying dermal layers removed). Whereas
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triploid bulk skin grafts could give rise to epidermis as well as dermal and skeletal
lineages (although rarely muscle) (Dunis and Namenwirth, 1977), "pure" epidermis
gave rise to only epidermis (Namenwirth, 1974) in regenerating limbs. Together, these
careful experiments provided early evidence that at least some blastema cells in the
regenerating amphibian limb are restricted in their lineage capacity.
The developmental potential of grafted muscle tissue, however, when compared
to other tissues, persistently appeared to be highly plastic in regenerating limbs.
Labeled muscle tissue repeatedly demonstrated morphological dedifferentiation
and contribution to various non-muscle lineages, including epidermis and cartilage
(Echeverri and Clarke, 2001; Echeverri and Tanaka, 2002; Lo et al., 1993; Morrison,
2006; Namenwirth, 1974; Steen, 1968). Some of these results might be explained by
contamination of donor grafts, due to the fact that muscle tissues inherently contain a
mixture of cell types (Steen, 1968). Such results could also be explained by, in the case
of non-genetic labeling methods, transfer of label from the donor to surrounding host
tissue. Especially problematic for muscle tissue is the fact that cell fusion, a normal
mechanism by which myocytes aggregate to form multinucleated muscle fibers (Wagers,
2005) could easily lead to transfer of label from donor to host cells. Myocyte fusion with
myeloid cells following injury, for example, is a likely explanation for proposed plasticity
of the mammalian hematopoietic lineage (Camargo et al., 2003; Doyonnas et al., 2004;
Sherwood et al., 2004; Wagers, 2005).
Recent development of genetic lineage-tracing techniques using pure
populations of labeled cells has enabled researchers to revisit the question of blastema
cell plasticity with increased experimental rigor. By performing embryo transplantation
with transgenic donors, Kragl et al. (2009) generated several axolotl lines in which
one specific embryonically derived tissue type (e.g, epidermis, muscle, or cartilage)
constitutively expressed a GFP reporter gene. By examining GFP+ cells in secondarily
transplanted hosts, it was possible to specifically assess the contributions of, for
example, muscle-derived donor tissue to the regenerating limb. A major advantage
of this technique over previous methods is that contributions from contaminating
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GFP-negative cells (e.g., non-muscle cells) could be easily ignored. Using this
methodology, it was demonstrated that following transplantation, labeled muscle tissue
gave rise exclusively to muscle cell types in the regenerating limb (Kragl et al., 2009).
In agreement with previous evidence for lineage restriction (see above), analogous
experiments with additional tissue types (epidermis, dermis, and cartilage) similarly failed
to identify evidence for transdifferentiation or pluripotency (Kragl et al., 2009). Limb
regeneration, therefore, is accomplished not by pluripotent "blastema cells", but instead
through the collective activity of multiple lineage-restricted cell types, demonstrating
similarities between tissues of amphibians and those of adult mammals (Wagers and
Weissman, 2004).
Lessons from the Amphibian Limb
Research into the cellular basis of amphibian limb regeneration highlights
important considerations for any investigation into cell potency. First, the use of
permanent genetic marks is crucial in transplantation studies to avoid label dilution or,
worse, the transfer of label to surrounding host tissue (Morrison, 2006). Permanent
transgenic labeling (e.g., CRE-based recombination under a lineage-specific promoter)
can address these concerns and simultaneously facilitate in vivo lineage-tracing
without the need for transplantation. Although genetic lineage-tracing provides
several advantages over earlier methods, it unfortunately still does not alone resolve
a central issue inherent to the analysis of cell potency: nearly all transplanted tissue
grafts, transgenic promoters, even sorted fluorescence-activated cell sorting (FACS)
populations will inevitably encompass some degree of cellular heterogeneity. Lineage
experiments based on such populations, therefore, will fail to distinguish properties
of individual cells (e.g., multipotency) from properties of the population as a whole
(e.g., "collective" multipotency). For example, during salamander limb regeneration,
transplanted, genetically labeled dermis was found to give rise not only to dermis, but
also to a limited set of related tissues including cartilage, connective tissue and tendons
(Kragl et al., 2009). While the purity of these labeled transplants is likely far superior
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to those of previous experiments, it remains possible that this apparent multipotency
is in fact still due to the presence of multiple distinct stem cell types present in dermal
grafts. Finally, the act of classifying a heterogeneous collection of cells under a generic
definition (e.g., "blastema cells"), implying functional homogeneity, can have a similar
result as the presence of contaminating cells. In both cases, the existence of multiple
cell types with distinct properties can be misinterpreted as the actions of a single,
multifunctional cell type.
II. The Power of Clonal Analysis in Stem Cell Biology
Identification of Stem Cells
Systematic tracking of clonally derived descendants from a single cell provides
an effective method for distinguishing properties of an individual cell from those of its
parent population (Wagers and Weissman, 2004). Clonal analyses can be performed in
an "unbiased" manner through the use of irradiation or generic promoters, which enable
identification of cell clones derived from any dividing cell type (Morris et al., 2008). They
can also be used to dissect a more narrowly defined population when combined with
tissue-specific promoters or FACS sorting.
Initial discoveries of both hematopoietic and embryonic stem cell types were
conceptually and experimentally rooted in the analysis of individual cell clones. In the
hematopoietic system, Till and McCulloch (1961) developed a method for clonal analysis
by transplanting mouse bone marrow cells into lethally irradiated hosts. By examining
growth of colonies in the spleens of transplant recipients, the relationship between
injected cells and colony-forming units (i.e., stem cells) could be investigated. Colony
forming units were irradiation-sensitive, and could be used to estimate the concentration
of stem cells present in bulk bone marrow cell preparations (Till and McCulloch, 1961).
Using irradiation-induced chromosomal aberrations as unique markers for individual
colony-forming cells, karyotypic analyses confirmed that cells present within individual
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spleen colonies shared similar chromosomal markers, and were thus likely clonal in
origin (Becker et al., 1963). Later work demonstrated that the colony-forming cells were
both multipotent (giving rise to both erythroid and granuloid lineages) (Wu et al., 1967)
and capable of self-renewal in serial transplantation experiments (Siminovitch et al.,
1963). Together, these studies established the existence of the hematopoietic stem cell
(HSC) along with the modern definition for stem cells. To qualify as a stem cell, a cell
must demonstrate (1) extensive capacity for proliferation, (2) a capacity for self-renewal
(i.e., proliferation to form not just any dividing cell, but another stem cell), and (3) a
capacity to give rise to differentiated cells.
Clonal analysis has led to the identification of additional stem cell types, including
pluripotent embryonic stem cells (propagated in vitro) (Evans, 1972; Martin, 1981;
Martin and Evans, 1974), intestinal stem cells (Ohlstein and Spradling, 2006), neural
stem cells (Uchida et al., 2000), hair follicle stem cells (Blanpain et al., 2004), and
others. Particularly impressive experiments have also demonstrated that a single stem
cell, often with the assistance of cell culture can give rise an entire organ such as the
prostate (Leong et al., 2008), the mammary gland (Shackleton et al., 2006), (in vitro)
self-organizing structures resembling the intestinal crypt villus (Sato et al., 2011), as well
as the entire hematopoietic cell system (Osawa et al., 1996).
Interrogation of Stem Cell Plasticity
In addition to identifying new stem cells, clonal analysis has been instrumental
in exploring the limits of stem cell potential under a variety of conditions. In mice,
a large number of transplantation studies with bone marrow-derived cells have
repeatedly observed apparent evidence for transdifferentiation and/or pluripotency
of the hematopoietic stem cell lineage. Donor-derived cells, when transplanted into
irradiated and/or injured mice, were found to contribute to a wide variety of lineages,
for example muscle, liver, intestine, lung and skin (Corbel et al., 2003; Ferrari et al.,
1998; Gussoni et al., 1999; Jiang et al., 2002; Krause et al., 2001). These findings were
highly controversial and are now generally thought to be artifacts of cell transformation
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during intervening tissue culture before transplantation, or the rare fusion of donor cells
to host cells (Wagers, 2005). Importantly, multiple instances of apparent plasticity were
not reproduced when single cell (i.e., clonal) resolution was incorporated into similar
transplantation experiments (Sherwood et al., 2004; Wagers et al., 2002). These results
imply that some instances of apparent stem cell plasticity, therefore, could have been the
result of multiple donor stem cell types being present in the initial graft (Sherwood et al.,
2004; Wagers et al., 2002; Wagers and Weissman, 2004). Demonstrations of plasticity
for poorly defined cell populations - similar to previously hypothesized pluripotency of
"blastema cells" - therefore require cautious interpretation and, if possible, the use of
clonal resolution to rule out such competing hypotheses.
Stem Cell Niches
Clonal analysis, finally, can also be an effective method for describing the in
vivo location and behavior of stem cells. Lineage studies using clonal analysis, for
example, were used to describe the germline stem cell lineage in the Drosophila ovary
(Wieschaus and Szabad, 1979), and subsequently to study the germline stem cell
"niche". Rather than being defined solely by intrinsic factors, many stem cell types are
known to require extrinsic niches that regulate self-renewal and differentiation through
cell non-autonomous mechanisms (Losick et al., 2011). The germline stem cell niche
of the Drosophila ovary provides an example environment in which stem cells are
maintained via a signaling environment provided by neighboring cells (in this system,
terminal filament cells, escort cells, and cap cells) (Losick et al., 2011). Cadherin
molecules provided by the somatic cap cells are necessary to anchor germline stem
cells proximally within the niche; removal of these proteins results in stem cell loss
(Song et al., 2002). Somatic niche cells, including the cap cells, also require Jak/
Stat signaling to express Dpp (Bmp2/4) a signaling molecule that diffuses locally and
is necessary to maintain stem cell self-renewal (L6pez-Onieva et al., 2008; Wang et
al., 2008; Xie and Spradling, 1998). Dpp signaling promotes stem cell maintenance
by repressing transcription of bam (bag of marbles) (Song et al., 2004), a gene that is
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both necessary and sufficient to induce germ line stem cell differentiation (McKearin
and Ohlstein, 1995; Ohlstein and McKearin, 1997). Together, these features of the
niche ensure that division of germline stem cells results in an asymmetric outcome: the
proximal daughter inherits the cadherin anchor and is maintained as a stem cell while
the distal daughter loses this contact, migrates away from the source of Dpp signaling,
commences bam expression, and subsequently differentiates. Several lines of evidence
confirm that maintenance of the stem cell state is governed not by intrinsic mechanisms,
but rather by its local signaling environment, supplied by the niche. Under conditions of
Dpp overexpression, for example, differentiating ovarian cystocytes can revert to a stem
cell-like state, resume stem cell function, and promote fertility (Kai and Spradling, 2004).
Similar repopulation of the niche and reversion to a stem cell state by differentiating
spermatogonial cells is also well documented in the Drosophila testes (Brawley and
Matunis, 2004; Sheng et al., 2009).
Clonal analysis has been used to uncover additional principles governing
long-term dynamics of stem cell behavior within a niche environment. In the mouse,
individual crypts at the bases of intestinal villi each contain 10-15 stem cells expressing
high levels of the Lgr5 protein (Barker et al., 2007); a niche of terminally differentiated
Paneth cells is interspersed between Lgr5+ cells and provides exogenous factors (e.g.,
Wnt) necessary for stem cell maintenance (Sato et al., 2011). Using a stochastic
multicolor Cre-reporter, fates of individual Lgr5+ stem cells were followed in parallel to
study their behavior (Snippert et al., 2010). These studies revealed important aspects
of stem cell function within a niche. First, short-term tracking of individual stem cells
showed that intestinal stem cells divide both asymmetrically (to produce mitotic progeny)
and symmetrically, to produce other stem cells. Long term lineage-tracing over the
course of 2-5 months further revealed that individual intestinal crypts ultimately become
dominated by one individual stem cell clone at the expense (or "extinction") of other
clones (Snippert et al., 2010). These features echo those of the Drosophila germline,
and imply that stem cells can "compete" with each other for positions within the niche
(Losick et al., 2011). Whether a particular cell behaves as a stem cell, therefore, is
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determined not only by its gene expression program, but also by its local environment
and particular position within the structure of a niche.
Clonal Analysis in The Regenerating Zebrafish Fin
To date, clonal analysis has only minimally been applied to the tissues of
regenerating organisms. Recent work using transgenic approaches in the zebrafish
tail fin, for example, have tested whether regeneration is accomplished by pluripotent
"blastema cells" or by the concerted actions of multiple lineage-restricted cells. Fish fins
are inherently complex and contain numerous cell types, including several classes of
pigmented cells (e.g., melanocytes, xanthophores, and iridophores) (Hirata et al., 2005)
as well as fibroblasts, blood vessels, skin, bone, and nerves (Akimenko et al., 2003),
all of which must be faithfully specified and patterned in the regenerate. Following
amputation, fish fin "blastema cells" display many of the same cell morphological
properties seen in the amphibian limb (loss of differentiated cell character and ability
to proliferation and differentiate) (Becerra et al., 1996), leading many researchers to
postulate that these cells arise as consequence of dedifferentiation and are multipotent
or pluripotent (Tamura et al., 2010).
Fate-mapping studies performed with populations of genetically labeled cells
(i.e., lacking clonal resolution) have suggested that regeneration of zebrafish tissues is
accomplished, however, at least in part by lineage-restricted cells. During regeneration,
labeled osteoblasts downregulate expression of differentiated cell markers, proliferate,
enter the regenerative blastema, and give rise exclusively to new bone tissue (Knopf
et al., 2011). Similar evidence has been observed during a regenerative process that
occurs following apical resection of the zebrafish heart ventricle (Lepilina et al., 2006). In
this context, regeneration is achieved collectively through the coordinated, but lineage-
restricted, activity of both epicardial (Kikuchi et al., 2011) and myocardial progenitors
(Jopling et al., 2010; Kikuchi et al., 2010).
Similar trends have been observed by clonal analysis in the zebrafish fin.
Analysis of genetically marked clones during fin development and regeneration revealed
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nine distinct stem cell types that remain lineage-restricted throughout the regenerative
process (Tu and Johnson, 2010, 2011). Two types of multipotent cells, giving rise to
both melanocytes and xanthophores or both arteries and veins, respectively, were
identified. Additional lineages such as iridophores, the lateral line, intraray glial cells,
osteoblasts, fibroblasts, resident blood, and epidermis appeared to each be supported
by individual stem cell types (Tu and Johnson, 2011). These studies confirm that
zebrafish fin and heart regeneration, like the salamander limb, are accomplished through
the activity of lineage-restricted cells, rather than a pluripotent blastema cell. Clonal
analysis, furthermore, indicates that lineage boundaries separate even closely related
types of pigmented cells (e.g., melanocytes and iridophores), suggesting a high degree
of specialization for stem cell types utilized during the regeneration process.
Clonal Analysis in Hydra
Hydra is a genus of freshwater invertebrate animals possessing a radially
symmetric body plan oriented around a main body axis. Hydra tissues are relatively
simple compared to those of the zebrafish fin, and consist of two main myoepithelial cell
layers (ectoderm and endoderm) separated by an extracellular matrix (mesoglea), and
interspersed by a population of "interstitial" cells (Holstein et al., 2003). Hydra possess
roughly -25 other cell types including nerve cells, cnidocytes, gland cells, and germ
cells (Bode, 1996). Hydra can reproduce by asexual budding, and can regenerate entire
bodies either from small pieces of tissue or - remarkably - from a reaggregated mass
of dissociated cells (Galliot et al., 2006; Gierer et al., 1972). Despite the fact that both
epithelial layers as well as the interstitial layers continuously proliferate, the process by
which Hydra regenerate structures is independent of cell division and can take place
in animals exposed to high doses of irradiation (Hicklin and Wolpert, 1973) or DNA-
synthesis inhibitors (Cummings and Bode, 1984). It has been proposed, therefore
that while cell proliferation provides new cellular material during growth and budding
stages, regeneration is itself accomplished through morphogenetic or morphallactic
mechanisms.
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While these unique features of Hydra regeneration set it apart from other
organisms, Hydra have proven to be a powerful system for studies of cell fate.
Experiments with tissue grafts, for example, can generate stable chimeric animals in
which epithelial and/or interstitial layers are derived from genetically distinct donor
animals (Marcum and Campbell, 1978). Such chimeric animals are stable over long
time periods and fail to show evidence of cell type conversion between layers (Sugiyama
and Fujisawa, 1978b). Animals lacking interstitial cells can also be generated. Such
animals can still regenerate epithelial structures, but never develop cells associated with
the interstitial lineage (Sugiyama and Fujisawa, 1978a).
Interstitial cells, in particular, have been the subject of clonal analysis. By
performing reaggregation experiments using a mixture of mostly epithelial cells with
sparse numbers of 3H-thymidine-labeled interstitial cells, animals containing individual
interstitial cells were generated. Clonal analysis of labeled cells revealed that interstitial
cells are multipotent, giving rise to neurons and gland cells (David and Murphy, 1977),
as well as germ cells (Bosch and David, 1987). Hydra, therefore, use a combination of
lineage-restricted and multipotent cell types to maintain adult tissues. Whereas some
cell types (i.e., the epithelial layers) are limited in their potential, similar to the cells of
the amphibian limb or zebrafish fin, interstitial cells display broad multipotent (though not
pluripotent) capacity.
With the exception of Hydra, clonal analysis is relatively new to the field of
regenerative biology. It will be important to test whether amphibian limbs and other
systems can be similarly interrogated at single-cell resolution, and whether these
systems will reveal cellular mechanisms similar to, or all together different from, those of
zebrafish and Hydra.
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Ill. Schmidtea mediterranea: An ideal system for studying
the biology of stem cells and regeneration
Introduction to Planarians
Planarians, such as Schmidtea mediterranea (Fig. 2A), are famous for their
regenerative abilities and have emerged as a key molecular genetic model system for
studies of regenerative, developmental, and stem cell biology. Planarians are free-living
freshwater flatworms of the Platyhelminthes, a phylum that occupies a key position
in metazoan evolution. Modern phylogenetic studies currently place Platyhelminthes
among the lophotrochozoans, a diverse group of protostomes underrepresented by
current genetic model systems (Adoutte et al., 2000; Philippe et al., 2009) (Fig. 2B).
Planarians are triploblastic organisms with a bilaterally symmetric anatomy and possess
a central nervous system composed of bi-lobed cephalic ganglia with two ventral nerve
cords, a tri-branched gastrovascular system connected to a centralized muscular
pharynx, an excretory system, and various sensory organs including photoreceptors and
chemoreceptors (Hyman, 1951) (Fig. 2C). A heavily ciliated ventral surface, together
with body-wide subepidermal musculature enable locomotion, and planarians display a
range of motile and predatory behaviors. Planarians lack a coelom, and mesenchymal
tissue (referred to as "parenchyma") fills the space between internal organs and extends
throughout the body (Hyman, 1951). Schmidtea mediterranea are diploid (2N = 8
chromosomes) (Bagu5A et al., 1999), and multiple strains exist that are capable of either
asexual reproduction via binary fissioning and regeneration (Randolph, 1897) or sexual
reproduction as cross-fertilizing hermaphrodites (Hyman, 1951). In addition, asexual
strains have been isolated in which animals lacking reproductive organs reproduce
exclusively by fissioning. Using such a strain, clonal lines of animals (e.g., CIW4) have
been generated (SAnchez Alvarado et al., 2002), which enable experimentation within
a genetically consistent background. Moreover, a number of resources now exist for
Schmidtea mediterranea, including a sequenced genome (Robb et al., 2008), robust
histological methods (Pearson et al., 2009), and RNAi (Newmark et al., 2003; Reddien et
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al., 2005a; SAnchez Alvarado and Newmark, 1999), making this particular species well
suited for molecular genetic studies.
The most remarkable aspect of planarian biology is their ability to replace large
pieces of adult tissue through regeneration (Fig. 3). Planarians can regenerate any body
region - including the head - in about a week. Moreover, multiple tissue pieces cut from
a single animal will each go on to regenerate new bodies (Morgan, 1898; Randolph,
1897). Even fragments as small as 1/27 9th the original size of the animal can regenerate
(Morgan, 1898). Given that serial rounds of amputation, regeneration and growth can
produce entire asexual strains from a single animal (Sanchez Alvarado et al., 2002),
adult planarian tissues possess vast capacity for cell production. Much of planarian
regeneration is achieved through a blastema-based mechanism (see above), however
several structures, such as the pharynx, are regenerated from within preexisting tissues
(Morgan, 1898). Although regenerated animals are typically much smaller and initially
misshapen; faithful restoration of body size and proportion is nonetheless achieved
through a phase of growth and morphallaxis, which can take several weeks (Morgan,
1898; Morgan, 1902).
Even under non-injury conditions, planarian tissues display remarkable
morphallactic plasticity. Adult Schmidtea mediterranea can span a wide range (> 10-
fold) of body sizes, and can both grow and (under starvation conditions) degrow, all while
maintaining consistent proportions of organ sizes and tissue types (Oviedo et al., 2003).
Adult tissues, furthermore, can undergo gradual yet remarkable transformations under
RNAi conditions, such as ectopic head formation (Petersen and Reddien, 2008) as well
as "ventralization" of the dorsal epidermis (Reddien et al., 2007). This apparent plasticity
of planarian tissues is at least in part explained by high rates of continuous cell turnover.
Differentiated tissues, for example, are characterized by a low basal rate of cell death
by apoptosis, which increases dramatically under conditions requiring substantial
remodeling (Pellettieri et al., 2010). The ability to rescale, maintain, and transform adult
tissues is therefore likely accomplished by a balance between regulated cell death, and
new cell production.
Chapter 1 : Introduction
Definition and Properties of Neoblasts
The source of new cells for tissue turnover as well as regeneration has been
a major focus of attention for planarian research. Unlike the amphibian limb, in which
proliferative mesenchymal cells appear only after injury, large numbers of continuously
dividing mesenchymal cells are present throughout the body of planarian adults
(BaguhA, 1976; Betchaku, 1967; Keller, 1894; Lender and Gabriel, 1960; Newmark
and Sanchez Alvarado, 2000; Orii et al., 2005) (Fig. 4). These cells are restricted
to the parenchyma (are not found within differentiated tissues), are characterized
morphologically as small (5-8 pm in diameter) with a large nucleus and undifferentiated
"scant" cytoplasm, and have historically been referred to as "neoblasts" (Hayashi et al.,
2006; Higuchi et al., 2007; Orii et al., 2005; Wolff, 1962; Wolff and Dubois, 1948).
Numerous observations suggest that neoblasts are the source of new cells for
both regeneration and tissue homeostasis. First, the head tip is one of the few body
regions unable to regenerate in isolation (Morgan, 1898) and inherently lacks neoblasts
(Newmark and Sanchez Alvarado, 2000; Orii et al., 2005). Second, exposure of
planarians to high doses of gamma irradiation specifically eliminates neoblasts, along
with the ability to regenerate; irradiated animals also succumb to tissue necrosis and
death (Bardeen and Baetjer, 1904; Dubois and Wolff, 1947). Irradiation-induced failure
of tissue maintenance and regenerative ability, however, can be locally rescued by
adjacent tissue shielded from irradiation (Dubois, 1949; Wolff and Dubois, 1948), non-
irradiated tissue grafts (Dubois, 1949; Lange and Gilbert, 1968), and by transplanted
neoblast-enriched cell fractions (Bagui et al., 1989).
Proliferation of neoblasts is also intimately connected with the regenerative
process. Following amputation, neoblasts undergo two consecutive bursts of cell
division, the first occurring systemically at approximately 6 hours post-amputation,
followed by a second sustained response localized to the wound site (Sal6 and Bagu5A,
1984; Wenemoser and Reddien, 2010). The extent of this second response, which
initiates within 48 hours of amputation, is proportional to the amount of missing tissue
and continuously generates cells that migrate into and differentiate within the blastema
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(Wenemoser and Reddien, 2010).
In addition to proliferating, neoblasts produce cellular descendants that exit the
cell cycle, migrate into non-parenchymal tissues, and differentiate into a wide range of
cell types including intestinal cells (Forsthoefel et al., 2011), photoreceptors (Lapan and
Reddien, 2011), excretory cells (Scimone et al., 2011), sub-epidermal mesenchymal cell
types (Eisenhoffer et al., 2008), and others (Newmark and Sanchez Alvarado, 2000).
BrdU pulse-chase experiments, furthermore, have verified that neoblasts (the first cells
to take up BrdU) are also the source of cells for the regenerative blastema (Eisenhoffer
et al., 2008; Newmark and Sanchez Alvarado, 2000).
Neoblast Potential
Because "neoblasts" appear morphologically homogeneous and can both
proliferate and give rise to diverse cell lineages, they have long been declared to
represent a pluripotent stem cell type (Wolff, 1962). In particular, the ability of neoblast-
enriched cell fractions to rescue lethally-irradiated host animals (Bagu6A et al., 1989), is
often cited as sufficient evidence to establish pluripotency of these cells (Orii et al., 2005;
Shibata et al., 1999). However, like the "blastema cell", the neoblast population suffers
from a lack of specificity, by definition including all possible types of dividing cells present
in the planarian body. Observations of pluripotency from this potentially heterogeneous
population, therefore, could just as easily be explained by the presence of multiple
lineage-restricted stem cell types, as is the case in both the amphibian limb and the
zebrafish fin. Whether "neoblasts" are truly comprised of pluripotent cells, or exclusively
of lineage-restricted cells thus remains an unanswered question of fundamental
importance.
Genetic Regulation of Neoblasts
Despite the availability of a sequenced genome and RNAi, still very little is
known about the genetic regulation of neoblast activity. A handful of genes required for
various aspects of neoblast function have been identified, generally by a candidate gene
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approach, and several of these genes are predicted to encode homologs of proteins
historically associated with germ cell regulation. Among these genes are smedwi-2,
and smedwi-3, two genes required for neoblast maintenance (Palakodeti et al., 2008;
Reddien et al., 2005b). Both smedwi-2 and smedwi-3 encode Piwi-like proteins, which
are known to both mediate piRNA-directed silencing of transposons and other repetitive
elements and be required for germline stem cell maintenance (Cox et al., 2000; Hannon
and Brennecke, 2007). Smed-bruli, another gene encoding a germline-associated
protein (Bruno), was similarly found to be expressed within neoblasts and required for
long term maintenance of dividing cells in planarian adults (Guo et al., 2006). Drosophila
Bruno protein binds to Bruno-response elements (BRE's) in the 3' UTR region of several
mRNAs, recruits translational regulatory factors, and regulates protein expression (Good
et al., 2000; Moore et al., 2009; Nakamura et al., 2004). Like Piwi proteins, Bruno-like
proteins also function in the germline and are required for gametogenesis (Webster et
al., 1997). Additional germline-associated factors Dj-Pum (a gene encoding a Pumilio
homolog), Spoltud-1 (a Tudor homolog), have been identified in closely related planarian
species as important for neoblast maintenance (Salvetti et al., 2005; Solana et al.,
2009). In addition to genes with known roles in germ cell regulation, several other
factors also are known to regulate neoblast maintenance and/or differentiation activity.
One homologue of a chromatin remodeling NuRD complex component, Smed-CHD4,
and as well as a homologue of the p53 transcription factor, Smed-p53, are each required
for differentiation of neoblast descendant cells (Pearson and Sanchez Alvarado, 2010;
Scimone et al., 2010). Finally, Smed-SmB, a gene predicted to encode an Sm-like RNA-
binding protein, as well as smedinx-11, a gene encoding a gap junction protein, were
also found to be necessary for neoblast maintenance (Fernandez-Taboada et al., 2010;
Oviedo and Levin, 2007).
Together, these studies represent an important first step in describing the
molecular basis for stem cell regulation in planarians. Phenotypic analysis of stem cell
phenotypes, however, is still quite limited by the lack of direct functional assays for stem
cell activity, though a growing list of markers for post-mitotic (stem cell descendant)
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populations is beginning to facilitate the study of differentiation (Eisenhoffer et al., 2008).
The absence of a method to prospectively distinguish stem cells from other proliferative
cell types, however, remains a challenge. Without specific markers for stem cells, or
suitable functional methods for assessing stem cell self-renewal, mitotic activity (a rather
blunt tool) has remained the only method for interrogating this class of RNAi phenotypes.
Planarians provide an exciting opportunity for investigations of stem cell
and regenerative biology. With a sequenced genome and RNAi, the only remaining
barrier to large-scale molecular genetic studies of planarian stem cells lies in the
development of suitable methods for measuring stem cell activity. Methods for clonal
analysis of individual neoblasts (to determine their lineage potential), for example, will
simultaneously empower the ability to assess stem cell RNAi phenotypes, and could
lead to exciting new discoveries about the inner workings of regenerative biology.
Introduction to Work Presented in This Thesis
Chapter 2 of this thesis will focus on the development of two independent
methods for clonal analysis of individual planarian stem cells. Using these methods,
it is demonstrated that individual planarian stem cells, which are termed "Clonogenic
Neoblasts" (cNeoblasts), exist in the adult body, can proliferate to generate large
descendant cell colonies in vivo, and can generate differentiating progeny spanning
diverse lineages and multiple germ layers. In addition, using single cell transplantation,
it is demonstrated that individual cNeoblasts are capable of generating all cells of the
adult body. This work presents the first definitive evidence that planarians possess adult
stem cells with pluripotent (or totipotent) capacity.
Chapter 3 of this thesis describes a genome-scale effort to identify and
functionally characterize intrinsic genetic regulators of planarian stem cell activity.
As a first step, microarrays were used to determine the expression profile of the
proliferative cell compartment (the "neoblasts") in adult planarians. Candidate genetic
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regulators of stem cell biology identified by microarray were then RNAi screened using
newly developed assays for clonogenic expansion and differentiation of cNeoblast
descendants. These screens identified several new factors important for regulation
of planarian stem cells. Among the genes described are those predicted to encoding
proteins with predicted functions in chromatin modification, RNA-binding, as well as
transcription factor activity. This work significantly extends the known list of stem cell
regulatory genes in planarians, and indicates that these cells share common molecular
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Figure 1. Cellular Features of Regeneration
(A) A generalized sequence of events characterizes the process of regeneration in
fish, amphibians, and flatworms. Within minutes of amputation, a wound epidermis
spreads to cover the wound. Localized proliferation of mesenchymal cells generates
new cellular material, which buds outward from the wound site to form the regenerative
blastema. Blastema outgrowth is associated with continual proliferation along with
differentiation and patterning of new tissues. Depending on the species and tissue type,
cell proliferation can take place within or (as depicted) at the base of the blastema.
(B) Two possible mechanisms underlying the source of various cell lineages comprising
the regenerate. Left, Multipotent or pluripotent stem cells could give rise to all cell types
required for the regenerative process. Right, Regeneration could be accomplished by
the collective activity of multiple lineage-restricted stem cell types.
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Figure 2. The Planarian, Schmidtea mediterranea.
(A) Live adult planarian approximately 5 mm in length, anterior of the animal facing
up. Dorsal surface is shown. Zoomed image shows head region with photoreceptors
indicated (PR). (B) Molecular phylogeny places S.mediterranea within the
Lophotrochozoans, one of the two branches of protostomes within the Bilateria. Tree is
based on phylogeny reported by Phillipe et al. (2009). Branch lengths are not drawn to
scale. (C) A panel of gene expression patterns illustrates various tissue types present in
planarian adults. Shown are fluorescence in situ hybridization (FISH) images. Cephalic
ganglia (CG), ventral nerve cords (VNC), and the muscular pharynx (PX) are indicated.
Genes expression patterns depicted are homologs of choline acetyltransferase (central
nervous system), collagen-2 (mesenchymal cells), methionine adenosyltransferase and
epididymal secretory protein El (gastrovascular system) carbonic anhydrase (excretory
system), and myosin heavy chain (muscle).






Figure 3. Regenerative Abilities of Planarians
(A) Tissue fragments generated by a series of transverse amputations will all regenerate
new bodies. Image adapted from Morgan (1898). (B) Planarians will also regenerate
and restore form following longitudinal amputations. (C) Planarians will even regenerate
new bodies from tiny tissue fragments. Image adapted from Randolph (1897). (D) Live
image of a planarian with a newly regenerated head, one week following decapitation.






Figure 4. Morphology and Body Wide Distribution of Neoblasts
(A) FISH image depicting body-wide distribution of proliferating cells (neoblasts). Shown
is a single confocal plane from the ventral region of the animal body. Animal is oriented
anterior left and is approximately 1 millimeter in length. Proliferating cells are labeled
with a probe to smedwi-1 mRNA (orange); smedwi-1 is expressed in all dividing cells of
the adult. Cell nuclei are counterstained with DAPI (blue). Cephalic ganglia (CG) and
pharynx regions (PX) are indicated. Note the absence of cell proliferation in the pharynx




Adoutte, A., Balavoine, G., Lartillot, N., Lespinet, 0., Prud'homme, B., and de Rosa, R.
(2000). The new animal phylogeny: reliability and implications. Proc Natl Acad Sci USA
97, 4453-4456.
Akimenko, M.A., Marl-Beffa, M., Becerra, J., and G6raudie, J. (2003). Old questions,
new tools, and some answers to the mystery of fin regeneration. Dev Dyn 226, 190-201.
Bagu5A, J. (1976). Mitosis in the intact and regenerating planarian Dugesia mediterra-
nea n.sp. 1. Mitotic studies during growth, feeding and starvation. J Exp Zool 195, 53-64.
Baguhn, J., Carranza, S., Pala, M., Ribera, C., Giribet, G., Arnedo, M., Ribas, M., and
Riutort, M. (1999). From morphology and and karyology to molecules. New methods for
taxonomical identification of asexual populations of freshwater planarians. A tribute to
Professor Mario Benazzi. Ital J Zool 66, 207-214.
Bagu5A, J., Sa16, E., and Auladell, C. (1989). Regeneration and pattern formation in
planarians. Ill. Evidence that neoblasts are totipotent stem cells and the source of blas-
tema cells. Development 107, 77-86.
Bardeen, C., and Baetjer, F. (1904). The inhibitive action of the Roentgen rays on regen-
eration in planarians. J Exp Zool 1, 191-195.
Barker, N., van Es, J.H., Kuipers, J., Kujala, P., van den Born, M., Cozijnsen, M., Haege-
barth, A., Korving, J., Begthel, H., Peters, P.J., et al. (2007). Identification of stem cells in
small intestine and colon by marker gene Lgr5. Nature 449, 1003-1007.
Becerra, J., Junqueira, L., and Bechara, I. (1996). Regeneration of fin rays in teleosts: a
histochemical, radioautographic, and ultrastructural study. Arch Histol Cytol 59, 15-35.
Becker, A., Till, J., and McCulloch, E. (1963). Cytological demonstration of clonal nature
of spleen colonies derived from transplanted mouse marrow cells. Nature 197, 452-454.
Betchaku, T. (1967). Isolation of planarian neoblasts and their behavior in vitro with some
aspects of the mechanism of the formation of regeneration blastema. J Exp Zool 164,
407-433.
Blanpain, C., Lowry, W.E., Geoghegan, A., Polak, L., and Fuchs, E. (2004). Self-renewal,
multipotency, and the existence of two cell populations within an epithelial stem cell
niche. Cell 118, 635-648.
Bode, H.R. (1996). The interstitial cell lineage of Hydra: a stem cell system that arose
early in evolution. J Cell Sci 109,1155-1164.
Bosch, T., and David, C. (1987). Stem Cells of Hydra magnipapillata Can Differentiate
into Somatic Cells and Germ Line Cells. Dev Biol 121,182-191.
Bosch, T.C.G. (2007). Why polyps regenerate and we don't: towards a cellular and mo-
lecular framework for Hydra regeneration. Dev Biol 303, 421-433.
Brawley, C., and Matunis, E. (2004). Regeneration of male germline stem cells by sper-
matogonial dedifferentiation in vivo. Science 304, 1331-1334.
Brockes, J. (2002). Plasticity and reprogramming of differentiated cells in amphibian
regeneration. Nat Rev Mol Cell Biol 3, 566-574.
Butler, E. (1933). The effects of X-radiation on the regeneration of the forelimb of Ambly-
stoma larvae. J Exp Zool 65, 271-315.
Butler, E. (1935). Studies on limb regeneration in X-rayed amblystoma larvae. The Ana-
tomical Record 62, 295-307.
Camargo, F.D., Green, R., Capetenaki, Y., Jackson, K.A., and Goodell, M.A. (2003).
Single hematopoietic stem cells generate skeletal muscle through myeloid intermedi-
ates. Nature Medicine 9,1520-1527.
Campbell, L. (2008). Wound epidermis formation and function in urodele amphibian limb
regeneration. Cell Mol Life Sci 65, 73-79.
Chandebois, R. (1979). The dynamics of wound closure and its role in the programming
of planarian regeneration. I - Blastema Emergence. Dev Growth Differ 21, 195-204.
Corbel, S.Y., Lee, A., Yi, L., Duenas, J., Brazelton, T.R., Blau, H.M., and Rossi, F.M.V.
(2003). Contribution of hematopoietic stem cells to skeletal muscle. Nature Medicine 9,
1528-1532.
Cox, D.N., Chao, A., and Lin, H. (2000). Piwi encodes a nucleoplasmic factor whose ac-
Chapter 1 : Introduction
tivity modulates the number and division rate of germline stem cells. Development 127,
503-514.
Cummings, S., and Bode, H. (1984). Head regeneration and polarity reversal in Hydra
attenuata can occur in the absence of DNA synthesis. Dev Genes Evol 194, 79-86.
David, C.N., and Murphy, S. (1977). Characterization of interstitial stem cells in Hydra by
cloning. Dev Biol 58, 372-383.
Doyonnas, R., LaBarge, M.A., Sacco, A., Charlton, C., and Blau, H.M. (2004). Hemato-
poietic contribution to skeletal muscle regeneration by myelomonocytic precursors. Proc
Natl Acad Sci USA 101, 13507-13512.
Dubois, F. (1949). Contribution a I 'etude de la migration des cellules de regeneration
chez les Planaires dulcicoles. Bull Biol Fr BeIg 83, 213-283.
Dubois, F., and Wolff, E. (1947). Sur une methode d'irradiation localis6e permettant de
mettre en evidence la migration des cellules de regeneration chez les planaires. Soc Biol
Strasbourg, 903-909.
Dunis, D., and Namenwirth, M. (1977). The role of grafted skin in the regeneration of X-
irradiated axolotl limbs. Dev Biol 56, 97-109.
Echeverri, K., and Clarke, J. (2001). In vivo imaging indicates muscle fiber dedifferentia-
tion is a major contributor to the regenerating tail blastema. Dev Biol 236, 151-164.
Echeverri, K., and Tanaka, E.M. (2002). Mechanisms of muscle dedifferentiation during
regeneration. Seminars in Cell & Dev Biol 13, 353-360.
Eisenhoffer, G.T., Kang, H., and Sanchez Alvarado, A. (2008). Molecular analysis of
stem cells and their descendants during cell turnover and regeneration in the planarian
Schmidtea mediterranea. Cell Stem Cell 3, 327-339.
Evans, M.J. (1972). The isolation and properties of a clonal tissue culture strain of plu-
ripotent mouse teratoma cells. J Embryol Exp Morphol 28,163-176.
Fausto, N., Campbell, J.S., and Riehle, K.J. (2006). Liver regeneration. Hepatology 43,
S45-S53.
Fernandez-Taboada, E., Moritz, S., Zeuschner, D., Stehling, M., Scholer, H.R., Sa16, E.,
References
and Gentile, L. (2010). Smed-SmB, a member of the LSm protein superfamily, is essen-
tial for chromatoid body organization and planarian stem cell proliferation. Development
137,1055-1065.
Ferrari, G., Cusella-De Angelis, G., Coletta, M., Paolucci, E., Stornaiuolo, A., Cossu, G.,
and Mavilio, F. (1998). Muscle regeneration by bone marrow-derived myogenic progeni-
tors. Science 279,1528-1530.
Forsthoefel, D.J., Park, A.E., and Newmark, P.A. (2011). Stem cell-based growth, regen-
eration, and remodeling of the planarian intestine. Dev Biol 356, 445-459.
Galliot, B., Miljkovic-Licina, M., de Rosa, R., and Chera, S. (2006). Hydra, a niche for cell
and developmental plasticity. Seminars in Cell & Dev Biol 17, 492-502.
Gierer, A., Berking, S., Bode, H., David, C., Flick, K., Hansmann, G., Schaller, H., and
Trenkner, E. (1972). Regeneration of Hydra from reaggregated cells. Nat New Biol 239,
98-101.
Good, P.J., Chen, Q., Warner, S.J., and Herring, D.C. (2000). A family of human RNA-
binding proteins related to the Drosophila Bruno translational regulator. J Biol Chem 275,
28583-28592.
Guo, T., Peters, A.H.F.M., and Newmark, P.A. (2006). A bruno-like Gene Is Required for
Stem Cell Maintenance in Planarians. Dev Cell 11, 159-169.
Gussoni, E., Soneoka, Y., Strickland, C.D., Buzney, E.A., Khan, M.K., Flint, A.F., Kunkel,
L.M., and Mulligan, R.C. (1999). Dystrophin expression in the mdx mouse restored by
stem cell transplantation. Nature 401, 390-394.
Hannon, G., and Brennecke, J. (2007). The Piwi-piRNA pathway provides an adaptive
defense in the transposon arms race. Science 318, 761-764
Hayashi, T., Asami, M., Higuchi, S., Shibata, N., and Agata, K. (2006). Isolation of planar-
ian X-ray-sensitive stem cells by fluorescence-activated cell sorting. Dev Growth Differ
48, 371-380.
Hicklin, J., and Wolpert, L. (1973). Positional information and pattern regulation in Hydra:
the effect of gamma-radiation. J Embryol Exp Morph 30, 741-752.
Higuchi, S., Hayashi, T., Hori, I., Shibata, N., Sakamoto, H., and Agata, K. (2007). Char-
Chapter 1 : Introduction
acterization and categorization of fluorescence activated cell sorted planarian stem cells
by ultrastructural analysis. Dev Growth Differ 49, 571-581.
Hirata, M., Nakamura, K.-l., and Kondo, S. (2005). Pigment cell distributions in different
tissues of the zebrafish, with special reference to the striped pigment pattern. Dev Dyn
234, 293-300.
Holstein, T.W., Hobmayer, E., and Technau, U. (2003). Cnidarians: an evolutionarily con-
served model system for regeneration? Dev Dyn 226, 257-267.
Hyman, L.H. (1951). The Invertebrates: Platyhelminthes and Rhynchocoela the acoelo-
mate bilateia. New York: McGraw-Hill.
Iten, L.E., and Bryant, S.V. (1973). Forelimb regeneration from different levels of ampu-
tation in the newt, Notophthalmus viridescens: Length, rate, and stages. Dev Genes Evol
173, 263-282.
Jiang, Y., Jahagirdar, B.N., Reinhardt, R.L., Schwartz, R.E., Keene, C.D., Ortiz-Gonza-
lez, X.R., Reyes, M., Lenvik, T., Lund, T., Blackstad, M., et al. (2002). Pluripotency of
mesenchymal stem cells derived from adult marrow. Nature 418, 41-49.
Jopling, C., Sleep, E., Raya, M., Marti, M., Raya, A., and Belmonte, J.C.I. (2010). Ze-
brafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation.
Nature 464, 606-609.
Kai, T., and Spradling, A. (2004). Differentiating germ cells can revert into functional stem
cells in Drosophila melanogaster ovaries. Nature 428, 564-569.
Keller, J. (1894). Die ungeschlechtliche Fortpflanzungder SOsswasser-Turbellarien. Jen
Zeit Nature 28, 370-407.
Kikuchi, K., Gupta, V., Wang, J., Holdway, J.E., Wills, A.A., Fang, Y., and Poss, K.D.
(2011). tcf2l + epicardial cells adopt non-myocardial fates during zebrafish heart devel-
opment and regeneration. Development 138, 2895-2902.
Kikuchi, K., Holdway, J.E., Werdich, A.A., Anderson, R.M., Fang, Y., Egnaczyk, G.F.,
Evans, T., Macrae, C.A., Stainier, D.Y.R., and Poss, K.D. (2010). Primary contribution to
zebrafish heart regeneration by gata4(+) cardiomyocytes. Nature 464, 601-605.
Knopf, F., Hammond, C., Chekuru, A., Kurth, T., Hans, S., Weber, C.W., Mahatma, G.,
References
Fisher, S., Brand, M., Schulte-Merker, S., et al. (2011). Bone regenerates via dedifferen-
tiation of osteoblasts in the zebrafish fin. Dev Cell 20, 713-724.
Kragl, M., Knapp, D., Nacu, E., Khattak, S., Maden, M., Epperlein, H.H., and Tanaka,
E.M. (2009). Cells keep a memory of their tissue origin during axolotl limb regeneration.
Nature 460, 60-65.
Krause, D.S., Theise, N.D., Collector, M.I., Henegariu, 0., Hwang, S., Gardner, R.,
Neutzel, S., and Sharkis, S.J. (2001). Multi-organ,multi-lineage engraftment by a single
bone marrow-derived stem cell. Cell 105, 369-377.
Lange, C., and Gilbert, C. (1968). Studies on the cellular basis of radiation lethality Ill.
The measurement of stem-cell repopulation probability. Int J Radiat Biol 14, 373-388.
Lapan, S.W., and Reddien, P.W. (2011). dlx and sp6-9 Control Optic Cup Regeneration
in a Prototypic Eye. PLoS Genetics 7, el 002226.
Lee, Y., De Val, S., Kagermeier-Schenk, B., Wills, A., Black, B., Weidinger, G., and Poss,
K. (2009). Maintenance of blastemal proliferation by functionally diverse epidermis in
regenerating zebrafish fins. Dev Biol 331, 270-280.
Lender, T., and Gabriel, A. (1960). Etude histochimique des n6oblastes de Dugesia
lugubris (Turbellarie, Triclade) avant et pendent la reg6neration. Bull Soc Zool Fr 85,
100-110.
Lenhoff, H., and Lenhoff, S. (1991). "Abraham Trembley and the Origins of Research on
Regeneration in Animals." in A History of Regeneration Research: Milestones in the Evo-
lution of a Science, ed. C. E. Dinsmore, 47-66. Cambridge: Cambridge University Press.
Leong, K.G., Wang, B.-E., Johnson, L., and Gao, W.-Q. (2008). Generation of a prostate
from a single adult stem cell. Nature 456, 804-808.
Lepilina, A., Coon, A.N., Kikuchi, K., Holdway, J.E., Roberts, R.W., Burns, C.G., and
Poss, K.D. (2006). A dynamic epicardial injury response supports progenitor cell activity
during zebrafish heart regeneration. Cell 127, 607-619.
Lo, D., Allen, F., and Brockes, J. (1993). Reversal of muscle differentiation during uro-
dele limb regeneration. Proc Natl Acad Sci USA 90, 7230-7234.
L6pez-Onieva, L., FernAndez-Mi6An, A., and Gonzalez-Reyes, A. (2008). Jak/Stat
Chapter 1 : Introduction
signalling in niche support cells regulates dpp transcription to control germline stem cell
maintenance in the Drosophila ovary. Development 135, 533-540.
Losick, V.P., Morris, L.X., Fox, D.T., and Spradling, A. (2011). Drosophila stem cell
niches: a decade of discovery suggests a unified view of stem cell regulation. Dev Cell
21, 159-171.
Marcum, B.A., and Campbell, R.D. (1978). Developmental roles of epithelial and intersti-
tial cell lineages in Hydra: analysis of chimeras. J Cell Sci 32, 233-247.
Martin, G.R. (1981). Isolation of a pluripotent cell line from early mouse embryos cul-
tured in medium conditioned by teratocarcinoma stem cells. Proc Natl Acad Sci USA 78,
7634-7638.
Martin, G.R., and Evans, M.J. (1974). The morphology and growth of a pluripotent tera-
tocarcinoma cell line and its derivatives in tissue culture. Cell 2, 163-172.
McKearin, D., and Ohlstein, B. (1995). A role for the Drosophila bag-of-marbles protein in
the differentiation of cystoblasts from germline stem cells. Development 121, 2937-2947.
Moore, J., Han, H., and Lasko, P. (2009). Bruno negatively regulates germ cell-less ex-
pression in a BRE-independent manner. Mech Develop 126, 503-516.
Morgan, T. (1898). Experimental studies of the regeneration of Planaria maculata. Arch
Entw Mech Org 7, 364-397.
Morgan, T.H. (1902). Growth and regeneration in Planaria lugubris. Arch Ent mech Org
13,179-212.
Morris, L., Nystul, T., and Spradling, A. (2008). Lineage analysis of stem cells. Stem
Book.
Morrison, J.1. (2006). Salamander limb regeneration involves the activation of a multipo-
tent skeletal muscle satellite cell population. J Cell Biol 172, 433-440.
Nacu, E., and Tanaka, E.M. (2010). Limb Regeneration: A New Development? Ann Rev
Cell Dev Biol 27, 29.21-29.32.
Nakamura, A., Sato, K., and Hanyu-Nakamura, K. (2004). Drosophila cup is an eIF4E
binding protein that associates with Bruno and regulates oskar mRNA translation in oo-
References
genesis. Dev Cell 6, 69-78.
Namenwirth, M. (1974). The inheritance of cell differentiation during limb regeneration in
the axolotl. Dev Biol 41, 42-56.
Nechiporuk, A., and Keating, M. (2002). A proliferation gradient between proximal and
msxb-expressing distal blastema directs zebrafish fin regeneration. Development 129,
2607-2617.
Newmark, P.A., Reddien, P.W., Cebrin, F., and Sanchez Alvarado, A. (2003). Ingestion of
bacterially expressed double-stranded RNA inhibits gene expression in planarians. Proc
Natl Acad Sci USA 100 Suppl 1, 11861-11865.
Newmark, P.A., and Sanchez Alvarado, A. (2000). Bromodeoxyuridine specifically labels
the regenerative stem cells of planarians. Dev Biol 220, 142-153.
Ohlstein, B., and McKearin, D. (1997). Ectopic expression of the Drosophila Bam protein
eliminates oogenic germline stem cells. Development 124, 3651-3662.
Ohlstein, B., and Spradling, A. (2006). The adult Drosophila posterior midgut is main-
tained by pluripotent stem cells. Nature 439, 470-474.
Orii, H., Sakurai, T., and Watanabe, K. (2005). Distribution of the stem cells (neoblasts)
in the planarian Dugesia japonica. Dev Genes Evol 215,143-157.
Osawa, M., Hanada, K.i., Hamada, H., and Nakauchi, H. (1996). Long-Term Lymphohe-
matopoietic Reconstitution by a Single CD34-Low/Negative Hematopoietic Stem Cell.
Science 273, 242-245.
Oviedo, N.J., and Levin, M. (2007). smedinx-11 is a planarian stem cell gap junction
gene required for regeneration and homeostasis. Development 134, 3121-3131.
Oviedo, N.J., Newmark, P.A., and Sanchez Alvarado, A. (2003). Allometric scaling and
proportion regulation in the freshwater planarian Schmidtea mediterranea. Dev Dyn 226,
326-333.
Palakodeti, D., Smielewska, M., Lu, Y-C., Yeo, G.W., and Graveley, B.R. (2008). The
PIWI proteins SMEDWI-2 and SMEDWI-3 are required for stem cell function and piRNA
expression in planarians. RNA 14,1174-1186.
Chapter 1 : Introduction
Pearson, B.J., Eisenhoffer, G.T., Gurley, K.A., Rink, J.C., Miller, D.E., and Sanchez
Alvarado, A. (2009). Formaldehyde-based whole-mount in situ hybridization method for
planarians. Dev Dyn 238, 443-450.
Pearson, B.J., and Sanchez Alvarado, A. (2010). A planarian p53 homolog regulates
proliferation and self-renewal in adult stem cell lineages. Development 137, 213-221.
Pellettieri, J., Fitzgerald, P., Watanabe, S., Mancuso, J., Green, D.R., and Sanchez Al-
varado, A. (2010). Cell death and tissue remodeling in planarian regeneration. Dev Biol
338, 76-85.
Petersen, C.P., and Reddien, P.W. (2008). Smed-betacatenin-1 is required for antero-
posterior blastema polarity in planarian regeneration. Science 319, 327-330.
Philippe, H., Derelle, R., Lopez, P., Pick, K., Borchiellini, C., Boury-Esnault, N., Vacelet,
J., Renard, E., Houliston, E., Qu6innec, E., et al. (2009). Phylogenomics revives tradi-
tional views on deep animal relationships. Curr Biol 19, 706-712.
Randolph, H. (1897). Observations and experiments on regeneration in planarians. Arch
Entw Mech Org 5, 352-372.
Reddien, P.W., Bermange, A.L., Kicza, A.M., and Sanchez Alvarado, A. (2007). BMP sig-
naling regulates the dorsal planarian midline and is needed for asymmetric regeneration.
Development 134, 4043-4051.
Reddien, P.W., Bermange, A.L., Murfitt, K.J., Jennings, J.R., and Sanchez Alvarado, A.
(2005a). Identification of genes needed for regeneration, stem cell function, and tissue
homeostasis by systematic gene perturbation in planaria. Dev Cell 8, 635-649.
Reddien, P.W., Oviedo, N.J., Jennings, J.R., Jenkin, J.C., and Sanchez Alvarado, A.
(2005b). SMEDWI-2 is a PIWI-like protein that regulates planarian stem cells. Science
310,1327-1330.
Reddien, P.W., and Sanchez Alvarado, A. (2004). Fundamentals of planarian regenera-
tion. Annu Rev Cell Dev Biol 20, 725-757.
Robb, S.M.C., Ross, E., and Sanchez Alvarado, A. (2008). SmedGD: the Schmidtea
mediterranea genome database. Nucleic Acids Res 36, D599-606.
Sa16, E., and Baguha, J. (1984). Regeneration and pattern formation in planarians. 1.
References
The pattern of mitosis in anterior and posterior regeneration in Dugesia tigrina, and a
new proposal for blastema formation. J Embryol Exp Morph 83, 63-80.
Sal6, E., and Baguhn, J. (1989). Regeneration and pattern formation in planarians 11. Lo-
cal origin and role of cell movements in blastema formation. Development 107, 69-76.
Salvetti, A., Rossi, L., Lena, A., Batistoni, R., Deri, P., Rainaldi, G., Locci, M.T., Evange-
lista, M., and Gremigni, V. (2005). DjPum, a homologue of Drosophila Pumilio, is essen-
tial to planarian stem cell maintenance. Development 132,1863-1874.
Sanchez Alvarado, A., and Newmark, P.A. (1999). Double-stranded RNA specifically
disrupts gene expression during planarian regeneration. Proc Natl Acad Sci USA 96,
5049-5054.
Sanchez Alvarado, A., Newmark, P.A., Robb, S.M., and Juste, R. (2002). The Schmidtea
mediterranea database as a molecular resource for studying platyhelminthes, stem cells
and regeneration. Development 129, 5659-5665.
Sato, T., van Es, J.H., Snippert, H.J., Stange, D.E., Vries, R.G., van den Born, M.,
Barker, N., Shroyer, N.F., van de Wetering, M., and Clevers, H. (2011). Paneth cells con-
stitute the niche for Lgr5 stem cells in intestinal crypts. Nature 469, 415-418.
Scimone, M.L., Meisel, J., and Reddien, P.W. (2010). The Mi-2-like Smed-CHD4 gene is
required for stem cell differentiation in the planarian Schmidtea mediterranea. Develop-
ment 137,1231-1241.
Scimone, M.L., Srivastava, M., Bell, G.W., and Reddien, P.W. (2011). A regulatory pro-
gram for excretory system regeneration in planarians. Development 138, 4387-4398.
Shackleton, M., Vaillant, F., Simpson, K.J., Stingl, J., Smyth, G.K., Asselin-Labat, M.-L.,
Wu, L., Lindeman, G.J., and Visvader, J.E. (2006). Generation of a functional mammary
gland from a single stem cell. Nature 439, 84-88.
Sheng, X.R., Brawley, C.M., and Matunis, E.L. (2009). Dedifferentiating spermatogonia
outcompete somatic stem cells for niche occupancy in the Drosophila testis. Cell Stem
Cell 5,191-203.
Sherwood, R.I., Christensen, J.L., Conboy, I.M., Conboy, M.J., Rando, T.A., Weissman,
I.L., and Wagers, A.J. (2004). Isolation of Adult Mouse Myogenic Progenitors: Functional
Heterogeneity of Cells within and Engrafting Skeletal Muscle. Cell 119, 543-554.
Chapter 1 : Introduction
Shibata, N., Umesono, Y., Orii, H., Sakurai, T., Watanabe, K., and Agata, K. (1999). Ex-
pression of vasa(vas)-related genes in germline cells and totipotent somatic stem cells of
planarians. Dev Biol 206, 73-87.
Siminovitch, L., McCulloch, E., and Till, J. (1963). The distribution of colony-forming cells
among spleen colonies. J Cell Compar Physl 62, 327-336.
Snippert, H.J., van der Flier, L.G., Sato, T., van Es, J.H., van den Born, M., Kroon-Veen-
boer, C., Barker, N., Klein, A.M., van Rheenen, J., Simons, B.D., et al. (2010). Intestinal
crypt homeostasis results from neutral competition between symmetrically dividing Lgr5
stem cells. Cell 143,134-144.
Solana, J., Lasko, P., and Romero, R. (2009). Spoltud-1 is a chromatoid body compo-
nent required for planarian long-term stem cell self-renewal. Dev Biol 328, 410-421.
Song, X., Wong, M.D., Kawase, E., Xi, R., Ding, B.C., McCarthy, J.J., and Xie, T. (2004).
Bmp signals from niche cells directly repress transcription of a differentiation-promoting
gene, bag of marbles, in germline stem cells in the Drosophila ovary. Development 131,
1353-1364.
Song, X., Zhu, C.-H., Doan, C., and Xie, T. (2002). Germline stem cells anchored by
adherens junctions in the Drosophila ovary niches. Science 296, 1855-1857.
Steen, TP. (1968). Stability of chondrocyte differentiation and contribution of muscle to
cartilage during limb regeneration in the axolotl (Siredon mexicanum). J Exp Zool 167,
49-77.
Steen, TP. (1970). Origin and differentiative capacities of cells in the blastema of the
regenerating salamander limb. American Zoologist 10, 119-132.
Stoick-Cooper, C., Weidinger, G., and Riehle, K. (2007). Distinct Wnt signaling pathways
have opposing roles in appendage regeneration. Development 134, 479-489.
Sugiyama, T., and Fujisawa, T. (1 978a). Genetic analysis of developmental mechanisms
in Hydra. 11. Isolation and characterization of an interstitial cell-deficient strain. J Cell Sci
29, 35-52.
Sugiyama, T., and Fujisawa, T. (1978b). Genetic analysis of developmental mechanisms
in Hydra. V. Cell lineage and development of chimera Hydra. J Cell Sci 32, 215-232.
References
Tamura, K., Ohgo, S., and Yokoyama, H. (2010). Limb blastema cell: a stem cell for mor-
phological regeneration. Dev Growth Differ 52, 89-99.
Tassava, R., and Mescher, A. (1975). The roles of injury, nerves, and the wound epider-
mis during the initiation of amphibian limb regeneration. Differentiation 4, 23-24.
Thornton, C.S. (1942). Studies on the origin of the regeneration blastema in Triturus
viridescens. J Exp Zool 89, 375-389.
Till, J., and McCulloch, E. (1961). A direct measurement of the radiation sensitivity of
normal mouse bone marrow cells. Radiat Res 14, 213-222.
Tu, S., and Johnson, S.L. (2010). Clonal analyses reveal roles of organ founding stem
cells, melanocyte stem cells and melanoblasts in establishment, growth and regenera-
tion of the adult zebrafish fin. Development 137, 3931-3939.
Tu, S., and Johnson, S.L. (2011). Fate restriction in the growing and regenerating
zebrafish fin. Dev Cell 20, 725-732.
Uchida, N., Buck, D.W., He, D., Reitsma, M.J., Masek, M., Phan, T.V., Tsukamoto, A.S.,
Gage, F.H., and Weissman, I.L. (2000). Direct isolation of human central nervous system
stem cells. Proc Natl Acad Sci USA 97,14720-14725.
Wagers, A. (2005). Cellular and molecular signatures of muscle regeneration: current
concepts and controversies in adult myogenesis. Cell 122, 659-667.
Wagers, A., Sherwood, R., Christensen, J., and Weissman, I. (2002). Little evidence for
developmental plasticity of adult hematopoietic stem cells. Science 297, 2256-2259.
Wagers, A., and Weissman, I. (2004). Plasticity of adult stem cells. Cell 116, 639-648.
Wallace, B., and Wallace, H. (1973). Participation of grafted nerves in amphibian limb
regeneration. J Embryol Exp Morphol 29, 559-570.
Wang, L., Li, Z., and Cai, Y. (2008). The JAK/STAT pathway positively regulates DPP
signaling in the Drosophila germline stem cell niche. J Cell Biol 180, 721-728.
Webster, P.J., Liang, L., Berg, C.A., Lasko, P., and Macdonald, P.M. (1997). Translational
repressor bruno plays multiple roles in development and is widely conserved. Genes &
Development 11, 2510-2521.
Chapter 1 : Introduction
Wenemoser, D., and Reddien, P. (2010). Planarian regeneration involves distinct stem
cell responses to wounds and tissue absence. Dev Biol 344, 979-991.
Whitehead, G., Makino, S., Lien, C., and Keating, M. (2005). fgf2O is essential for initiat-
ing zebrafish fin regeneration. Science 310,1957-1960.
Wieschaus, E., and Szabad, J. (1979). The development and function of the female
germ line in Drosophila melanogaster a cell lineage study. Dev Biol 68, 29-46.
Wolff, E. (1962). Recent researches on the regeneration of planaria. In Regeneration.
20th Growth Symposium, ed. D Rudnick, pp. 53- 84. New York: Ronald Press.
Wolff, E., and Dubois, F. (1948). Sur la migration des cellules de regeneration chez les
planaires. Revue Swisse Zool 55, 218-227.
Wu, A.M., Till, J.E., Siminovitch, L., and McCulloch, E.A. (1967). A cytological study of
the capacity for differentiation of normal hemopoietic colony-forming cells. J Cell Physiol
69,177-184.
Xie, T., and Spradling, A.C. (1998). decapentaplegic is essential for the maintenance and
division of germline stem cells in the Drosophila ovary. Cell 94, 251-260.
Yokoyama, H., and Ide, H. (2001). FGF-10 stimulates limb regeneration ability in Xeno-
pus laevis. Dev Biol 233, 72-79.
Yokoyama, H., Ogino, H., and Stoick-Cooper, C. (2007). Wnt/Beta-Catenin signaling has
an essential role in the initiation of limb regeneration. Dev Biol 306, 170-178.
Chapter 2
Clonogenic neoblasts are pluripotent adult stem cells
that underlie planarian regeneration
Daniel E. Wagner1 , Irving E. Wang1, and Peter W. Reddien
Howard Hughes Medical Institute, MIT Biology
Whitehead Institute for Biomedical Research
Nine Cambridge Center, Cambridge, MA 02142, USA
'These authors contributed equally
Experiments shown in Figures 1-3, Supplemental Figures S1-S16, and Supplemental Table 1 were performed by DEW.
Experiments shown in Figures 4-6 and Supplemental Figures S17-S19 were performed in collaboration with IEW. IEW
and PWR developed and performed single-cell transplantation experiments. All authors contributed to the design of
experiments and editing of the manuscript.
Published as:
Wagner, D.E., Wang, I.E., and Reddien, P.W. (2011). Clonogenic neoblasts are pluripotent adult stem cells that underlie
planarian regeneration. Science 332, 811-816.
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Abstract
Pluripotent cells in the embryo can generate all cell types, but lineage-restricted
cells are generally thought to replenish adult tissues. Planarians are flatworms and
regenerate from tiny body fragments, a process requiring a population of proliferating
cells (neoblasts). Whether regeneration is accomplished by pluripotent cells or by the
collective activity of multiple lineage-restricted cell types is unknown. Using ionizing
radiation and single-cell transplantation, we identified neoblasts that can form large
descendant-cell colonies in vivo. These clonogenic neoblasts (cNeoblasts) produce cells
that differentiate into neuronal, intestinal, and other known post-mitotic cell types and are
distributed throughout the body. Single transplanted cNeoblasts restored regeneration
in lethally irradiated hosts. We conclude that broadly distributed, adult pluripotent stem
cells underlie the remarkable regenerative abilities of planarians.
Introduction
Introduction
Pluripotent cells, such as embryonic blastomeres, differentiate into mature cell
types spanning three germ layers (Evans, 1972; Evans and Kaufman, 1981; Martin,
1981). Although essential for development, pluripotent cells are generally not known
to be present in adult animals (Wagers et al., 2002; Wagers and Weissman, 2004).
Adult tissues, by contrast, are typically maintained by specialized, tissue-specific adult
stem cells (Barker et al., 2007; Blanpain et al., 2004; Ohlstein and Spradling, 2006;
Spangrude et al., 1988; Uchida et al., 2000; Wagers and Weissman, 2004; Weissman,
2000). Planarians are flatworms well known for the ability to regenerate whole
animals from small pieces of tissue (Morgan, 1898). Planarian regeneration requires
a population of proliferative cells, historically known as neoblasts, that exist throughout
the body and collectively produce all known differentiated cell types (Keller, 1894;
Reddien and Sanchez Alvarado, 2004). Neoblasts have great potential for molecular
genetic studies in Schmidtea mediterranea where a sequenced genome and molecular
tools (including RNAi technology) enable identification and study of genes controlling
regeneration (Reddien et al., 2005a; Reddien and Senchez Alvarado, 2004). To date,
however, neoblast properties have only been studied at the level of a population
(Bagu6A et al., 1989; Eisenhoffer et al., 2008; Lange and Gilbert, 1968; Newmark and
SAnchez Alvarado, 2000; Reddien and SAnchez Alvarado, 2004; Salvetti et al., 2009;
Wolff and Dubois, 1948). The cell population known as neoblasts, therefore, could
either contain only lineage-restricted cells that together allow regeneration, or could
contain, within the population, stem cells that are pluripotent at the single-cell level. A
fundamental issue to address for understanding planarian regeneration, therefore, is the
in vivo potential of individual proliferating planarian cells.
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Results & Discussion
Colonies are generated from single smedwi-1+ cells following irradiation
We developed an in vivo method, utilizing ionizing radiation, that permits study
of rare, individual proliferating cells and their descendants. Irradiation eliminates
dividing cells and is a classic strategy for studying stem cells (Becker et al., 1963; Till
and McCulloch, 1961). All dividing cells in adult planarians express the smedwi-1 gene
(Guo et al., 2006) (Fig. 1A); these cells are specifically, rapidly, and completely depleted
following exposure to high irradiation doses (e.g., 6,000 rads) (Eisenhoffer et al., 2008;
Guo et al., 2006; Reddien et al., 2005b). Low irradiation doses (i.e., 500 rads) eliminate
some proliferating cells, leaving a large number spread ventrally throughout the animal
(Salvetti et al., 2009). We identified an irradiation dose (1,750 rads) that eliminated all
smedwi-1+ cells from most (78%) animals (Fig. 1 B). However, seven days after 1,750
rad exposure, rare smedwi- 1+ cells were present in the minority of animals (22%) as
sparse "clusters" (Fig. 1 B-C). Clusters consistently displayed compact, isolated, colony-
like morphology and originated ventrally throughout the body (Fig. 1 D, S1 A-C) but were
not associated with specific known tissues (Fig. S1 D-E). These clusters, if resulting
from clonal growth of single smedwi-1+ cells, provide the opportunity to study the
developmental potential of individual planarian cells.
Numerous smedwi-1+ cluster attributes indicate they result from clonal growth.
smedwi-1+ clusters were preceded by isolated smedwi-1+ cells present 3-4 days
following irradiation, and typically displayed 3-10 cells after one week (Fig. 1 E-F). Based
on the low proportion of animals with smedwi-1+ cells in close proximity 3 days post-
irradiation with 1,750 rads (Fig. S2), it is improbable that clusters arose from multiple
adjacent smedwi-1+ cells (P = 0.0138, 2-tailed Fisher's Exact Test). Cluster size
increased dramatically over time, suggesting exponential growth, ultimately yielding
hundreds of smedwi-1+ cells 14-18 days post-irradiation (Fig. 1 E-F). Consistent with
clusters originating from pre-existing smedwi-1+ cells that survived irradiation, a cluster
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location scatterplot resembled the normal smedwi-1+ expression pattern (Fig. 1 D), and
cluster frequency decreased with increasing irradiation doses (see below, Fig. 3A). BrdU
delivery labels smedwi-1-expressing cells (Guo et al., 2006) and Fig. S3A), followed
by a rapid decline in incorporation within 24-48 hours (Eisenhoffer et al., 2008) and
Fig. S3B-D) demonstrating unincorporated BrdU does not perdure long term. A BrdU
pulse followed by irradiation resulted in clusters consisting entirely of BrdU+; smedwi-1+
cells (Fig. S3E), indicating smedwi-1+ cluster expansion results from division of existing
smedwi-1+ cells (i.e., by clonal growth). If some other process, such as dedifferentiation,
produced smedwi-1+ cluster cells, these cells should have been BrdU-.
Following irradiation, every proliferative cell detected by an 8-hour BrdU pulse
(Fig. 1 G), or by using probes for the conserved proliferation marker genes histone
h2b (Smed-h2b) (Hewitson et al., 2006), pcna (Smed-pcna) (Bravo et al., 1987), or
ribonucleotide reductase (Smed-RRM2-1) (Eisenhoffer et al., 2008; Eriksson et al.,
1984) (Fig. S3F-H), existed in clusters and expressed smedwi-1 (n=815). Therefore,
no other source (non-smedwi-1+) for proliferating cells exists outside of smedwi-1+
clusters in irradiated animals. Furthermore, if additional sources for smedwi-1+ cells
(other than clonal growth) existed, cluster number would be expected to increase with
time and small, newly formed clusters might be present at late timepoints following
irradiation. Neither of these possibilities was observed (Fig. 1 F). New cluster production
was also not observed following amputation or feeding (Fig. S4), which elicit proliferative
responses (Bagu6A, 1976; Wenemoser and Reddien, 2010). These data indicate that
clonal expansion (producing colonies) represents the source of new smedwi-1+ dividing
cells during cluster formation and growth.
Not all proliferating cells (neoblasts) necessarily have the capacity to form
colonies. We term cells displaying this capacity clonogenic neoblasts (cNeoblasts);
these cells express smedwi-1, have a body-wide (head-to-tail) distribution (Fig. 1 D), and
generate large, expanding colonies of smedwi-1+ cells. The ability of small numbers of
colonies ultimately to restore both smedwi-1+ cells and mitotic activity to normal levels
(Fig. S5) suggests a stem cell-like capacity for self-renewal.
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To investigate the potential of individual cNeoblasts, we analyzed smedwi-1+
colonies using three well-established differentiation assays involving a SMEDWI-1
antibody (Guo et al., 2006; Scimone et al., 2010; Wenemoser and Reddien, 2010),
BrdU pulse-chase (Eisenhoffer et al., 2008; Newmark and Stnchez Alvarado, 2000;
Scimone et al., 2010), and post-mitotic cell type markers (Eisenhoffer et al., 2008;
Pearson and Scnchez Alvarado, 2010; Scimone et al., 2010; Wenemoser and Reddien,
2010). SMEDWI-1 protein is present in smedwi-1 mRNA+ dividing cells and temporarily
remains detectable in post-mitotic descendant cells (Guo et al., 2006). Differentiating
cells therefore transit through a SMEDWI-1 (protein)+; smedwi-1(mRNA)- state (Scimone
et al., 2010; Wenemoser and Reddien, 2010). All colonies examined (12/12) contained
SMEDWI-1+; smedwi-1- cells (Fig. 1H). Independently, BrdU can label cells that divide
and exit the smedwi-1+ state. All colonies analyzed by 4-day BrdU pulse-chase (31/31)
contained BrdU+; smedwi-1- cells (Fig. 11) and no BrdU+ cells existed in worms lacking
smedwi-1+ colonies (25/25 animals), indicating that colonies produce, and are the only
source for, cells exiting the smedwi-1+ undifferentiated state. SMEDWI-1+ or BrdU+
colony cells can thus be assessed for lineage-specific marker expression to determine
the developmental potential of individual cNeoblasts.
cNeoblasts display broad differentiation capacity
Described adult stem cells typically only produce differentiated cells
corresponding to their germ layer and tissue of origin (Wagers and Weissman, 2004).
To address whether cNeoblasts, by contrast, could produce cell types derived from
multiple germ layers, we identified and characterized markers for neuronal (ectoderm-
derived) and intestinal (endoderm-derived) lineages. In untreated animals, some
SMEDWI-1 + descendant cells expressed a choline acetyl-transferase ortholog, Smed-
chat (Fig. S6); chat expression is widely conserved in cholinergic neurons (Nishimura
et al., 2010). SMEDWl-1+; chat, cells were enriched in brain regions, had neuronal
morphology, and chat+ cells co-expressed additional neuronal markers (Fig. S6),
indicating that SMEDWI-1+; chat+ cells are differentiating neurons. Smed-gata4/5/6
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and Smed-hnf4, orthologs of endoderm-promoting GATA4/5/6 and HNF4 transcription
factors, respectively (Morrisey et al., 1998), were expressed in intestinal cells and also
in interspersed cells surrounding the intestine (Fig. S7-10). Many of these interspersed
cells were irradiation-sensitive and SMEDWI-1+, indicating they represent differentiating
endodermal cells (Fig. S8, S1 0). A third endoderm marker gene used, Smed-mat, was
expressed in intestinal branches (Fig. S8, S10). Finally, additional differentiation marker
genes used (Smed-AGAT-1, NB.21.11 E, Smed-MCP-1, Smed-ODC-1, Smed-CYPlA1-1,
and NB.52.12F) are expressed in partially overlapping mesenchymal populations of
post-mitotic cells (Fig. S11A-F) (Eisenhoffer et al., 2008). These populations have
unknown lineage relationships but turn over rapidly, and are consequently depleted
following irradiation (Eisenhoffer et al., 2008) (Fig. S11G-L).
Using SMEDWI-1 to label colony cell descendants, individual colonies were
examined for the presence of both gata4/5/6* and chat, both gata4/5/6i and AGAT-
1+, or both AGAT-1+ and chat differentiating cells. In nearly all cases (n=20/22),
individual colonies contained newly produced cells of both lineages tested (Fig. 2A-C,
S12). Double-positive cells were typically present within or adjacent to the colony itself,
suggesting that stem cell-derived descendant cells can function locally, incorporating
into nearby tissues as they differentiate. The 1,750 rad dose yields rare, well-separated
colonies (See Fig. 1C); animals fixed 7 days after irradiation contained single colonies
(12/28 animals), no colonies (12/28), and only rarely, more than one colony (4/28).
Given the high frequency of colonies producing multiple lineages (20/22), it is improbable
that all such cases were the result of multiple colonies merging (P<0.0001, Fisher's
Exact Test). In addition, using a 4-day BrdU pulse chase as an independent method,
we identified several colonies containing both BrdU+; chat (neuronal) and BrdU+; mat,
(intestinal) cells (Fig. 2D). Nearly all colonies examined, using the SMEDWI-1 antibody
or BrdU, produced differentiated cells for any single lineage analyzed (n=61/64) (Fig.
S13). These colonies were distributed throughout the body and not restricted to specific
anatomical regions (Fig. 2E). Finally, nearly every smedwi-1+ colony examined had
associated cells expressing every additional differentiation marker tested (NB.21. 11E,
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MCP-1, ODC-1, CYP1A1-1, NB.52.12F) (n=110/115, Fig. S14A-E); descendant cell
clusters, furthermore, were never observed in regions lacking smedwi-1+ colonies (Fig.
S11G-L). In addition, even early colonies (7 days post-irradiation) had associated
differentiated cells (Fig. S14F). Together, these data indicate that broad multipotency and
a body-wide distribution are fundamental attributes of individual cNeoblasts.
Small numbers of cNeoblasts restore regenerative ability
Irradiated planarians cannot regenerate (Bardeen and Baetjer, 1904) and suffer
massive tissue loss because of failed replacement of aged differentiated cells (Bardeen
and Baetjer, 1904; Dubois, 1949). However, transplantation of large numbers of cells
(Bagu5A et al., 1989) or tissue fragments can restore regenerative ability to irradiated
hosts and change sexual behavior to that of a donor (BaguhA et al., 1989; Lange
and Gilbert, 1968; Lender and Gabriel, 1965; Wolff and Dubois, 1948). We sought to
determine whether small numbers of cNeoblasts would restore regenerative ability to
irradiated animals. Following irradiation, some animals were fixed and colony numbers
determined; remaining animals were followed to assess survival and regeneration
frequencies. Increasing irradiation doses resulted in decreasing colony numbers (Fig.
3A-B) and survival rates (Fig. S15A). Regeneration, which involves production of
diverse cell types (Fig. S16), was initially impeded in animals cut 4 days post-irradiation
(Fig. S15B-C); however, many animals both survived and ultimately regenerated at
doses that produced sparse, measurable colony numbers (Fig. 3A-D, Table S1). These
animals regenerated heads containing neurons (ectoderm), muscle (mesoderm), and
intestine (endoderm) (Fig. 3D-E). The minimum number of cNeoblasts initially present in
irradiation survivors can be estimated by comparing the number of colonies present (in
fixed animals) to observed regeneration frequencies (see Table Si). Our data indicate
as few as three (P=0.0478), four (P=0.001 7), or five colonies (P<0.0001, Fisher's Exact
Test) can be sufficient to restore regenerative ability to entire animals.
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Transplantation of individual cNeoblasts
To determine whether a single cNeoblast can generate all essential adult cells,
we developed a method for isolating and transplanting individual cNeoblasts into lethally
irradiated hosts. Previous flow cytometry studies identified an irradiation-sensitive cell
population with a high percentage of smedwi-1+ cells (Hayashi et al., 2006; Reddien et
al., 2005b). However, the Hoechst 33342 DNA dye used in this method is cytotoxic.
Therefore, size and complexity properties of cells within the X1 fraction were used to
define a gate for sorting unlabeled cells, which we refer to as the X1 (FS) fraction (Fig.
4A-B).
X1 (FS) cells are heterogeneous; however, cells with a similar morphology to X1
cells can be identified microscopically (Fig. 4C). Single selected cells were loaded into
needles and transplanted post-pharyngeally into lethally irradiated hosts (Fig. 4D). To
confirm that only single cells were transplanted, needles were loaded and the contents
expelled into media. In all cases, only a single cell was observed exiting the needle
(n=136/136). Furthermore, some animals were fixed immediately following transplant
and labeled with a smedwi-1 RNA probe. All injected animals had either one (n=20/60)
or zero (n=40/60) smedwi-1+ cells (Fig. 4E-F).
If a transplanted cell was a cNeoblast capable of engraftment, then clonal
growth of progeny cells would be expected. Indeed, animals examined 6 days after
single cell transplantation displayed clusters with 1 to 13 smedwi-1+ cells (n=23/1 00)
(Fig. 4G). Furthermore, selecting for X1 (FS) cells that were approximately 10 [tm in
diameter and that had blebs and/or cytoplasmic processes increased engraftment rates,
ranging from 12% (n=17) to 75% (n=20) (Fig. S17). Cells with properties of cNeoblasts,
therefore, are present in the X1 (FS) fraction and can be successfully transplanted. The
significance of these particular cell morphological characteristics (cytoplasmic processes
and granularity) is currently unknown. Selecting for cells with such attributes might
enrich for "healthy" cells (e.g. those that were damaged the least by the cell isolation and
sorting procedure). The presence of cytoplasmic processes might also reflect inherent
migratory ability or other aspects of cNeoblast cell biology, such as the ability to interact
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with a potential stem cell niche.
If cNeoblasts are pluripotent stem cells capable of self-renewal, then a single
cNeoblast should, in principle, be capable of restoring tissue turnover and regenerative
capacity to lethally irradiated hosts. However, for this to occur the irradiated host must
survive long enough for the cNeoblast to repopulate the smedwi-1+ compartment and
replenish dying tissue. We therefore used a sexual S. mediterranea strain (S2F1 L3F2)
that can survive longer than the asexual strain (CIW4) after a 6,000 rad irradiation dose
(Fig. S18). Sexual hosts transplanted with single asexual cells had colonies consisting
of large numbers of SMEDWI-1 + cells 30 days after transplantation (n=4/17) (Fig.
4H). Every colony examined contained SMEDWI-1 +; Smed-gata4/5/6+ double-positive
cells (n=4/4) and most of these colonies also contained SMEDWI-1+; Smed-chat+
double-positive cells (n=3/4) (Fig. 4H). Transplant data thus independently confirm
attributes of colonies described post 1,750 rads, further indicating that clonal growth and
multipotency are important features of individual cNeoblasts.
Entire animals and strains regenerated from a single transplanted cNeoblast
Two weeks after irradiation, lesions appeared at sexual animal head tips,
followed by progressive anterior to posterior tissue regression with 100% penetrant
animal death (in non-transplanted hosts) after approximately six weeks (n=78) (Fig.
5A). Remarkably, several transplant recipients lived past seven weeks and eventually
developed blastemas at the site of tissue regression (n=7/130) (Fig. 5A). Animals
that developed blastemas regenerated anterior and midbody structures, such as
photoreceptors and pharynges (Fig. 5A), and regained feeding behavior by eight weeks
after irradiation. Of the seven rescued animals, three were expanded into strains (R1,
R2, and R3) by serial amputation and regeneration (Fig. S19). These animals exhibited
normal blastema formation and the capacity to regenerate photoreceptors and intestine
following amputation (Fig. 5B). The ability to produce multiple regenerating animals from
a single transplanted cell indicates a self-renewing capability of cNeoblasts. Rescued
strains did not display sexual features, such as large size and a gonopore; by contrast,
Results & Discussion
animals in all three strains reproduced by binary fission, an asexual behavior seen very
rarely in sexual animals (Fig. S19).
To confirm that all new tissue in rescued strains resulted from clonal division
from the donor cNeoblast, we genotyped the animals using SNPs identified between
the asexual strain and the sexual strain (see Materials and Methods). Genomic DNA
was isolated from strain R1, R2, and R3 animals following two rounds of regeneration;
growth and regeneration should replace host tissues with donor-derived cells (Fig.
6A). If, on the other hand, host cells continue to replenish tissues after irradiation,
host SNPs in the collected genomic DNA would be expected. PCR-RFLP analysis of
two loci (RFLP 00310 and RFLP 00463) revealed that the rescued strains have the
asexual strain RFLPs, indicating that the majority of cells in these animals were donor-
derived (Fig. 6B). Sequencing of three independent homozygous haplotypes (00163,
00463, and 02716), each containing six SNPs that distinguish asexual CIW4 and sexual
S2F1 L3F2 strains, confirmed that the rescue strains possessed the donor, rather than
host, genotype (Fig. 6C). These data indicate that descendants of a single cNeoblast
ultimately transformed the recipient into a genetic clone of the donor by replacing all
cells present in the original host. We conclude that cNeoblasts are pluripotent stem cells
with a broad, body-wide distribution and that persistence into adulthood of a pluripotent
stem cell enables the remarkable regenerative feats of planarians.
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Figure 1. Expanding colonies are generated from isolated smedwi-1+ cells
following irradiation
(A-B) Proliferating cells were detected by smedwi-1 expression using whole-mount
in situ hybridization (ISH). Anterior, up. Ventral surface shown. (B) Representative
images 7 days after 1,750-rad treatment show clusters (arrowheads) of smedwi-1+ cells
(individual purple dots). (C) Histogram of cluster frequencies following 1,750 rads. (D)
Clusters observed by smedwi-1 ISH 7 days post-1,750 rads displayed in a scatterplot.
phx, pharynx. (E-F) Animals fixed in a timecourse after 1,750-rad treatment analyzed
by smedwi-1 fluorescence in situ hybridization (FISH). (F) Mean cluster frequency
(#clusters/worm) and size (#smedwi-1+ cells/cluster) are plotted. Error bars, standard
deviation (n=17-22 animals/timepoint). (G) IF (BrdU) and FISH (smedwi-1). 234/234
BrdU+ cells (8-hour BrdU-pulse in seven-day-irradiated worms) were smedwi-1+. (H) IF
(SMEDWI-1) and FISH (smedwi-1); 12/12 colonies contained SMEDWI-1+; smedwi-1-
cells (arrowheads) 7 days post-1,750 rads. (I) IF (BrdU) and FISH (smedwi-1). 31/31
colonies (with BrdU pulse days 7-11 post-1,750 rads) contained BrdU+; smedwi-1- cells.
Scale bars, 200[tm (A-B), 20[tm (E, G-1).






















Figure 2. Clonogenic neoblasts display broad differentiation capacity
(A-C) Triple-labeling of individual colonies 22 days after irradiation. Shown are
projections through optical sections from irradiated animals. Left, tiled images (images
from overlapping regions assembled) of representative animals with individual colonies
are shown (anterior, up). Circles indicate approximate location of region imaged at high
magnification for middle panels; middle images are optical sections with anterior to the
right. Example differentiating cells from individual colonies labeled by IF (SMEDWI-1)
and double FISH for gata4/5/6 and chat (A), gata4/5/6 and AGAT-1 (B), or AGAT-1
and chat (C) are shown. Proportions of colonies displaying multiple differentiating cell
types are indicated. Roman numerals indicate double-positive cells, with individual
channels shown in columns to the right. Additional double-positive cells are indicated
with arrowheads. See also Figure S12. (D) IF (BrdU) and double FISH (Smed-chat;
Smed-mat) worms with BrdU-pulse days 14-18 after irradiation. Single colonies (n=7)
contained both BrdU+; chat, (neuronal) and BrdU+; mat+ (intestinal) descendants. Boxes
indicate zoomed regions. (E) Scatterplots showing locations of individual colonies
producing differentiated cell types (see also Figure S13). Colony cell differentiation was
assessed by labeling with SMEDWI-1 (circles) or BrdU (diamonds). Scale bars, (A-C)
left, 100tm; middle 201Am; right 5[tm; (D) top image, 20im; others 5[Am.
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Figure 3. Small numbers of cNeoblasts can restore tissue turnover and
regenerative ability
(A-B) Animals were irradiated at different doses. Some of these animals were fixed
7 days post-irradiation (1,000 rads, 25 animals; between 1,125 and 1,875 rads,
>38 animals/dose; for 6,000 rads, 26 animals) and labeled by smedwi-1+ ISH. (A)
Representative smedwi-1+ ISH images. Anterior, left. (B) Colony numbers/worm are
plotted (each dot represents one animal). (C) The percentage of animals with restored
regeneration following irradiation (>98 worms/dose were examined; animals were
from the same irradiated cohort as in A-B). Data indicate 3 or more cNeoblasts were
sufficient to restore regeneration (see also Table Si). (D) Normal head regeneration in
97/99 worms amputated 39 or 40 days after 1,250 rads. (E) Heads regenerated after
irradiation contained differentiated neuronal (chat+), intestinal (mat-1+), and muscle (mhc-
1+) cells (41/41 worms, 1,250 rads; 15/15 worms, 1,500 rads). SMEDWI-1+ cells were
also restored (n=9/9 worms, 1,250 rads). Dotted lines, approximate amputation plane.
Arrowheads, photoreceptors. Scale bars, 200 tm (A), 20[tm (D-E).
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Figure 4. Single transplanted cNeoblasts display properties of clonal growth and
multipotency
Irradiation-sensitive cells (polygonal gate) were identified by Hoechst 333342 labeling
(A) and back-gated to set the X1 (FS) gate (oval) based on size (FS) and complexity
(SS) parameters (B). The X1 (FS) fraction is heterogeneous and contains some cells
approximately 1 O[tm in diameter with processes (arrowhead) (C). (D) Individual cells
were loaded into needles (one needle used per injection) and transplanted into the
medial, post-pharyngeal, parenchymal space of hosts. (E-F) FISH (smedwi-1) of a host
immediately after transplantation. Anterior, up. Ventral surface shown. Zero (n=40/60)
or one (n=20/60) smedwi-1+ cells were observed in all cases, with expected size and
morphology. (F) is a zoomed image of (E). (G) Colony formation 9 days after irradiation,
6 days after transplant. Anterior, up. Ventral surface shown. Colonies of smedwi-1+
cells (arrowhead) appeared in transplant recipients (n=23/1 00) but not in untreated
animals (n=5). (H) IF (SMEDWI-1) and double FISH (Smed-gata4/5/6; Smed-chat) 33
days after irradiation, 30 days after transplant. Single colonies were observed (n=4/17);
example differentiating cells from displayed colony are shown. Scale bars, 10[tm (C),
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Figure 5. Restoration of regeneration in lethally irradiated hosts by single
transplanted cNeoblasts
(A) Representative images of transplant hosts. Tissue regression (asterisks) began
anterior to photoreceptors (arrowheads) and progressed from anterior to posterior (px,
pharynges). Rescued animals developed blastemas (arrow) at regression site (dotted
line) after seven weeks and fully regenerated after eight weeks. Anterior, up. Dorsal
surface shown. (B) Representative images of rescue strains undergoing regeneration
following amputation. Blastemas formed at approximate amputation plane (dotted
line). Intestine (labeled with red food coloring) and photoreceptors (arrowheads) were
observed in blastemas after 12 days of regeneration. Anterior, up. Dorsal surface
shown. Scale bars, 1 [tm (A), 500tm (B).






















Figure 6. Genotype conversion by single transplanted cNeoblasts
(A) Schematic showing replacement of host tissue by transplanted donor cells (blue);
animals for genotyping were amputated (dotted line) and allowed to regenerate twice.
(B) PCR-RFLP analysis of rescued strains. Locus 00310 was cut by Hpal in sexual
animals (S) but not asexual animals (A) or the rescued strains (1, 2, 3). Locus 00463
was cut by Scal in asexual animals and the rescued strains, but not in sexual animals.
(C) Haplotype sequencing. Stacked histogram representing number of sequencing reads
from each locus for each strain. Bars extend left for number of reads corresponding
to the asexual haplotype and right for number of reads corresponding to the sexual
haplotype. Bar absence indicates no reads.
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Figure S1. smedwi-1+ clusters originate in ventral positions throughout the body
(A-B) Transverse tissue sections shown, dorsal up. Control worms display smedwi-1*
cells distributed in parenchyma throughout the dorsal-ventral axis (A). Representative
image of a smedwi-1* cluster (arrowhead) seven days post-1,750 rad treatment (B). (C)
Representative images of animals displaying single smedwi-1* clusters seven days post-
1,750 rad treatment. Whole animals, anterior up. Individual clusters were scattered
throughout body, but consistently displayed compact, isolated, colony-like morphology.
(D-E) Triple FISH for synapsin (central nervous system), mat (intestine), and smedwi-1
seven days after 1,750 rads. Nuclei are labeled with Hoechst. Shown are projections
through Apotome optical sections. Individual smedwi-1* clusters were distributed
throughout the ventral regions and were not invariantly associated with specific organs
or anatomical features. Some clusters had cells adjacent (within -1 cell diameter) to the
ventral nerve cords (28/44); some clusters were located large distances from the nerve
cords (16/44). Scale bars 20[tm (A-B, D-E), 200[tm (C).
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Figure S2. Following irradiation, clusters are preceded by isolated smedwi-1+ cells
(A-E) Representative images of smedwi-1 (FISH) after 1,750 rad exposure. Whole
animal, anterior up. Magnified regions are indicated by boxes. Arrowheads denote
individual smedwi-1* cells. Three days after irradiation, the majority of animals (16/20)
displayed isolated smedwi-1+ cells (A). Animals with >1 smedwi-1* cell in close proximity
(within 50 rim) were rare (2/20) (B). Remaining animals at this condition (2/20) displayed
no smedwi-1+ cells (C). Animals fixed 8 days post-irradiation displayed either small
smedwi-1* clusters (9/19) (D) or were devoid of smedwi-1* cells (E). Based on these
proportions, the possibility that all 8-day clusters arose from multiple cells can be
excluded (P = 0.0138, 2-tailed Fisher's Exact Test). Scale bars 200[tm (a-e), 2 0tm
(zoomed boxes).
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Figure S3. BrdU incorporation and proliferation of smedwi-1+ colony cells
(A) Immunofluorescence (BrdU) and FISH (smedwi-1). All dividing cells (571/571)
detected in unirradiated, intact worms by a 12-hour BrdU pulse expressed smedwi-1*
(see also, Guo et al, 2006). Thus, smedwi-1+ cells are the sole source for BrdU-labeled
cells in these animals. (B-D) BrdU incorporation and dilution kinetics in expanding
clusters of smedwi-1* cells. Animals were injected with BrdU 7 days after 1,750 rads
and fixed at various timepoints. Representative immunofluorescence (BrdU) and FISH
(smedwi-1) images are shown (B-C). Percentage of smedwi-1*, BrdU+, and smedwi-1*;
BrdU* (double-positive) cells are indicated for each timepoint (n>154 cells analyzed/
timepoint) (D). BrdU is rapidly incorporated into a majority of smedwi-1* cells within
the first 8 hours following labeling. Following a brief 48 hour chase period, the first
significant signs of BrdU dilution from the continuously dividing smedwi-1* population
are evident. At 24 hours post-BrdU, 123/133 (92.5%) smedwi-1* cells were BrdU+,
compared with 91/119 (76.5%) at 48 hours post injection. Fisher's Exact Test indicates
that this difference is significant (P=0.0006, 2-tailed). Unincorporated BrdU, therefore,
is unlikely to remain within injected animals for longer than 48 hours post-injection (see
also, Eisenhoffer et al, 2008). (E) Animals were irradiated (1,750 rads) 12 hours after
BrdU injection and fixed 5-6 days later. Shown is a representative cluster following
immunofluorescence (IF) detection of BrdU+ cells and FISH (smedwi-1). Several
colonies of 3-12 smedwi-1* cells were identified (n=9), and nearly all of these cells
(47/48) contained BrdU+ nuclei (BrdU signal is anticipated to ultimately be absent from
some cells after many cell divisions). (F-H) Double FISH seven days after 1,750-rad
irradiation. All proliferating cells expressing Smed-h2b (F, 304/304), Smed-RRM2 (G,
111/111), or Smed-pcna (H, 166/166) were smedwi-1+-colony cells. Scale bars 2001im
(A-E), 20 tm (zoomed images, F-H).
Chapter 2 : Clonogenic Neoblasts are Pluripotent Adult Stem Cells
Figure S4












I Colonies || No Colonies I I Colonies 1| No Colonies I
Figures
Figure S4. Amputation and feeding fail to stimulate new colony formation
following irradiation
(A-D) Animals were exposed to 1,750 rads and fixed 12 days later for smedwi-1
ISH. Shown are whole animals (anterior up) amputated into fragments five days after
irradiation (A-B), or left intact (C-D). Dotted lines indicate amputation plane. Amputated
fragments from individual worms were cultured, fixed, and stained independently. The
proportion of amputated worms displaying colonies (25/54) was not significantly altered
from that of intact worms (24/55), indicating that amputation did not stimulate formation
of additional colonies (P=0.8483, Fisher's Exact Test, 2-tailed). (E-H) Animals were
exposed to 1,750 rads and fixed on day 12 for smedwi-1 FISH. Animals were either
fed four days after irradiation (E-F), or left untreated (G-H). The proportion of fed
worms displaying colonies (18/49) was not significantly different from that of control
worms (14/54), indicating that feeding failed to stimulate formation of additional colonies
(P=0.2885, Fisher's Exact Test, 2-tailed). Scale bars, 200 [m.









Figure S5. smedwi-1+ cells and mitotic activity are restored to normal levels
following irradiation with 1,500 rads
(A-F) Whole-mount smedwi-1 ISH (A-C) and IF detection of Histone-H3 (phospho-
serine-1 0)* mitotic cells (D-F). Representative images demonstrate that the number and
body-wide distribution of both smedwi-1* cells and mitotic activity are gradually restored
following irradiation at 1,500 rads. (G) A timecourse illustrates that mitotic numbers
(normalized by worm area) are almost completely depleted 7 days after irradiation.
Successive timepoints display increased levels of mitotic activity. Furthermore, the
increase in mitotic activity slowed between days 17 and 21, suggesting that colony
expansion is a regulated (rather than neoplastic) process. Shown are means and
standard deviations for each data point. Mean and standard deviation mitotic levels
for untreated worms (184.6 ± 22.4 mitoses / mm2 tissue) are represented by solid and
dotted lines, respectively. Scale bars, 200[tm.




Figure S6. A subset of SMEDWI-1+ cells undergo neuronal differentiation
Double-labeling analysis of cephalic ganglia in intact, unirradiated planarians.
Anterior, up. (A) IF (SMEDWI-1) and FISH (Smed-chat) identifies SMEDWI-1* cells
co-expressing Smed-chat, a marker of differentiated neurons (double-positive cells
are indicated by arrowheads). Zoomed regions are indicated by boxes. These cells
were enriched in brain regions and often adopted a non-neoblast cell morphology that
included long axon-like cytoplasmic processes, suggesting differentiation into neurons.
(B-C) Double FISH in intact, unirradiated planarians indicates that Smed-chat* cells
exist in the planarian CNS and co-express Smed-synapsin (b) and Smed-proprotein-
convertase-2 (Smed-PC2) (C), two independent markers of the planarian nervous
system. (D) A representative FISH image shows that Smed-chat mRNA is localized
within or in close proximity to the nucleus. Scale bars, 20tm (A-C), 5 tm (zoomed
images, D).



















Figure S7. Phylogenetic analysis of the Smed-gata4/5/6 gene
Maximum likelihood and neighbor-joining analysis provide strong support for the
Schmidtea mediterranea gene Smed-gata4/5/6 falling within the GATA4/5/6 clade
with known protostome members of this family. Genes used in this analysis are well-
established representatives of the GATA1 /2/3 or GATA4/5/6 gene families. Accession
numbers for genes listed in this tree can be found in Gillis et. al., (2008). Mm, Mus
musculus; Hs, Homo sapiens; Dr, Danio rerio; Tc, Tribolium castaneum; Ag, Anopheles
gambiae; Am, Apis mellifera; Dp, Daphnia pulex; Dm, Drosophila melanogaster; Nv,
Nematostella vectensis; Smed, Schmidtea mediterranea.





Figure S8. A subset of SMEDWI-1+ cells express Smed-gata4/5/6
Double-labeling analysis of posterior intestinal branches in untreated or lethally-
irradiated planarians. (A-B) Double FISH on untreated (A) or 5 day, lethally irradiated
(B) planarians indicate that Smed-gata4/5/6 is expressed in fully differentiated Smed-
mat* cells of the planarian intestine. Smed-gata4/5/6 is also expressed in isolated,
irradiation-sensitive cells associated with the intestine (arrowheads). (C) Many isolated
Smed-gata-4/5/6* cells were co-labeled by SMEDWI-1 (IF). (D) A representative FISH
image shows subcellular localization of Smed-gata4/5/6 mRNA. Scale bars, 5011m (A-
C), 5sm (zoomed images, D).
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Figure S9. Phylogenetic analysis of the Smed-hnf4 gene
Maximum likelihood and neighbor-joining analysis provide strong support for the
Schmidtea mediterranea gene Smed-hnf4 falling within the NR2A/HNF4 family of
nuclear receptors. Genes used in this analysis are well-established representatives of
the six families of nuclear receptor genes NR1 -6. Sequences for Nematostella genes
used in this tree can be found in Reitzel and Tarrant (2009). Hs, Homo sapiens; Dm,
Drosophila melanogaster; Nv, Nematostella vectensis; Ce, Caenorhabditis elegans;
Smed, Schmidtea mediterranea.





Figure S10. A subset of SMEDWl-1+ cells express Smed-hnf4
Double-labeling analysis of posterior intestinal branches in untreated or lethally
irradiated planarians. (A-B) Double FISH on untreated (A) or 5 day, lethally irradiated
(B) planarians indicate that similarly to Smed-gata4/5/6, Smed-hnf4 is expressed in fully
differentiated Smed-mat* cells of the planarian intestine. Smed-hnf4 is also expressed in
isolated, irradiation-sensitive cells associated with the intestine (arrowheads). (C) Many
isolated Smed-hnf4* cells were co-labeled by SMEDWI-1 (IF). (D) A representative FISH
image shows subcellular localization of Smed-hnf4 mRNA. Scale bars, 50[tm (A-C),
5[tm (zoomed images, D).
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Figure S11. Characterization of post-mitotic cell populations
(A-F) Double FISH analysis of post-mitotic cell types in unirradiated, intact planarians
(see also, Eisenhoffer et. al., 2008). Shown are ventral, prepharyngeal regions of the
animal. A previously reported panel of marker genes labels multiple populations of
cells. "Category 3" gene Smed-AGAT-1 only partially overlapped in expression with
other category 3 genes Smed-MCP-1 (A), Smed-ODC-1 (B), Smed-CYP1A1-1 (C), and
NB.52.12F (D). However, cells expressing Smed-Ras-related, another category 3 gene,
showed extensive overlap with the Smed-AGAT-1+ population (E). Similarly, "category 2"
markers NB.21.11 E and NB.32.1G were expressed by the same population of cells (F).
A revised panel of six markers NB.21.11 E, Smed-AGAT-1, Smed-MCP-1, Smed-ODC-1,
Smed-CYP1A1-1, and NB.52.12F therefore encompasses a heterogeneous set of cell
populations with minimal redundancy. (G-L) FISH showing presence of NB.21.11 E,
Smed-AGAT-1, Smed-MCP-1, Smed-ODC-1, Smed-CYP1A1-1, and NB.52.12F-
expressing cells. Shown are ventral, anterior regions from untreated or day 19-irradiated
worms lacking smedwi-1+ colonies. All six cell types were depleted after 1,750 rads.







Figure S12. Clonogenic neoblasts display broad differentiation capacity
Triple labeling of individual colonies 22 days after irradiation. Shown are additional cells
from the same colonies depicted in Fig. 2. Each row of panels shows individual channel
images for a single cell. (A-B) Additional examples of colony cells positive for chat (A)
and gata4/5/6 (B) expression from the same colony shown in Fig. 2A. (B-C) Additional
examples of colony cells positive for AGAT-1 (C) and gata4/5/6 (D) expression from the
same colony shown in Fig. 2B. (D-E) Additional examples of colony cells positive for chat
(D) and AGAT-1 (E) expression from the same colony shown in Fig. 2C. Scale bars,
5pm.




Figure S13. A high percentage of cNeoblast colonies produce differentiated
cell types
Double-labeling analysis of individual colonies 15-20 days after irradiation. Shown are
representative optical sections from irradiated animals. Boxes indicate zoomed regions
within the same colony that contain double-positive cells. Locations of all colonies
in these analyses are shown in a scatterplot in Figure 2E. (A-B) Two representative
colonies labeled by IF (SMEDWI-1) and FISH (Smed-chat) from worms 15-19 days after
1,750-1,800 rads. 29/30 such colonies contained differentiating neurons (SMEDWI*;
Smed-chat double-positive cells). (C) Representative colony labeled by IF (BrdU)
and double FISH (Smed-chat; smedwi-1) from 1,750 rad-treated animals. Worms
with growing colonies were injected with a pulse of BrdU 14 days after irradiation and
examined 4 or 5 days later to detect differentiating cells. Every such colony examined
(n=8/8) contained Smed-chat*; BrdU* double-positive cells. (D-E) Two representative
colonies labeled by IF (SMEDWI-1) and FISH (Smed-gata4/5/6) from worms 19
days after 1,750 rads. 14/15 such colonies contained differentiating intestinal cells
SMEDWI-1*; Smed-gata4/5/6+ cells. (F-G) Two representative colonies labeled by
IF (SMEDWI-1) and FISH (Smed-hnf4) from worms 19 days after 1,750 rad exposure.
10/11 such colonies contained SMEDWI-1*; Smed-hnf4' cells. Scale bars, 20[tm (5um,
zoomed images).
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Figure S14
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Figure S14. Nearly all colonies locally produce post-mitotic cell types
(A-F) smedwi-1* colonies 20 days after 1,750 rads contained post-mitotic cells
expressing NB.21.11E (A, 16/16 colonies), NB.52.12F (B, 13/15 colonies), CYPIAI-1
(C, 15/17), MCP-1 (D, 20/20 colonies), ODC-1 (E, 20/20 colonies), and AGAT-1 (F,
26/27 colonies). (G) Representative colony labeled by double FISH (smedwi-1 and
NB.21.11E) from worms 7 days after exposure to 1,750 rads. Nearly all individual
colonies analyzed (14/15) examined at this early timepoint displayed differentiating cells.
Scale bars, 201im.
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Figure S15. Effects of irradiation on planarian survival and regeneration
(A) Survival curves of irradiated worms irradiated at various doses of irradiation.
Animals are from the same experiment shown in Figure 3. Viability decreased sharply
above 1,500 rads (n>98 worms/sample). (B-C) Head regeneration was initially impeded
by even low doses of irradiation. Shown are head regions from worms 8 days post-
amputation. (B) Control worm. (C) Worm amputated 4 days after exposure to 1,000
rads (49/49 animals). Similar results were obtained after 1,250 rads (50/50 worms), or
1,500 rads (50/50 worms). Scale bars, 20[tm.
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Figure S16. Diverse types of differentiating cells are produced during head
regeneration
Planarians were injected with BrdU 18 hours prior to decapitation. IF (BrdU) together
with FISH shows 5-day-regenerating heads containing newly formed (BrdU+)
differentiated cells. These cells include (A) excretory, (B) muscle, (C) intestinal, and
(D) neuronal lineages as determined by expression of Smed-carbonic-anhydrase
(Smed-CA), Smed-myosin-heavy-chain-1 (Smed-mhc-1), Smed-methionine-
adenosyltransferase (Smed-mat), and Smed-choline-acetyl-transferase (Smed-chat),
respectively. Scale bars, 100tm. Anterior, up. Dotted line, approximate amputation
plane.
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Figure S17. Morphological characteristics and transplant frequencies of different
X1(FS) cells
(A-E) Representative images of X1 (FS) cells. Nuclei were labeled with Hoechst
33342. (F-J) Representative images of animals 9 days after irradiation, 6 days after
transplant. Anterior, up. Ventral surface shown. Transplantation of cells 10-14[tm in
diameter with low cytoplasmic granularity (A) resulted in few smedwi-1* clusters (n=2/20)
(F). Transplantation of cells 8-1 0[tm in diameter with low cytoplasmic granularity (B)
resulted in zero smedwi-1* clusters (n=0/20) (G) Transplantation of cells 10-12[im in
diameter with low cytoplasmic granularity and processes (C) resulted in many formed
smedwi-1* clusters (n=15/20) (H). Transplantation of cells 10-14[im in diameter with
high cytoplasmic granularity (D) resulted in few formed smedwi-1* clusters (n=5/20) (1).
Transplantation of cells 8-1 Otm in diameter with high cytoplasmic granularity (E) resulted
in few formed smedwi-1* clusters (n=1/20) (J). Scale bars, 1O m (A-E).
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Figure S18














Figure S18. Survival of asexual and sexual strain animals following lethal
irradiation
Exact survival times vary between experiments. In this particular experiment, asexual
CIW4 animals exposed to a 6,000 rad dose of radiation had a median survival period
of 17 days and a longest survival period of 21 days (n=1 05). Sexual S2F1 L3F2 strain
animals exposed to identical conditions within the same experiment had a median
survival period of 39 days and a longest survival period of 63 days (n=97).
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Figure S19. Timeline of rescued transplant hosts
Trees detailing survival of rescued animals, with branches indicating expansion
of a single animal into multiple individuals by amputation or fissioning. Red end
points indicate natural death. White end points indicate sacrifice of the individual
for experimental purposes. Green intersections indicate amputations to expand the
population. Blue intersections indicate fissioning events. Black arrowheads indicate
which individuals are still alive at the time of writing.
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Table SI. A small number of smedwi-1* colonies can rescue entire animals from irradiation and
restore regenerative ability
# (%) worms with smedwi-1* colonies (d7) # (%) worms recovered (d54-55) Fisher's Exact Test (2-tailed)
Dose 6 or more 5 or more 4 or more 3 or more 2 or more Survived & 6 or more 5 or more 4 or more(Rads) colonies colonies colonies colonies colonies N Survived Regenerated N colonies colonies colonies
1000 25(100) 25(100) 25(100) 25(100) 25(100) 25 100(100) 100(100) 100
1125 46(98) 46(98) 47(100) 47(100) 47(100) 47 98(100) 98(100) 98
1250 41 (79) 44(85) 47 (90) 52 (100) 52 (100) 52 98 (99) 97 (98) 99 0.0002 0.0032 0.0478
1375 32 (63) 34 (67) 39 (76) 43 (84) 47 (92) 51 82 (82) 80 (80) 100 0.0302
1500 2(4) 4(7) 11 (19) 16(28) 24(42) 57 30(30) 28(28) 100 <0.0001 0.0017
1750 1 (3) 2(5) 3(8) 5(13) 9(24) 38 4(4) 3(3) 99
1875 0 0 0 1 (3) 2(5) 40 1 (1) 1 (1) 100
6000 0 0 0 0 0 26 0 0 100
Planarians were exposed to a range of irradiation doses. A portion of these animals were fixed 7 days later and colonies
visualized by smedwi-1 ISH. The number and percentage (in parentheses) of animals displaying various numbers of
colonies are shown. N indicates the total number of animals analyzed. Remaining animals were followed for several
weeks and decapitated 39-40 days after irradiation. Number and percentage of total worms that survived or both survived
and regenerated are shown. Nearly all worms that survived also displayed normal head regeneration. Given the
frequencies of smedwi-1* colonies observed from in situ data, a set of predictions can be generated based on a
hypothetical minimum number of colonies required for restoring regeneration. Fisher's Exact test (2-tailed, c = 0.05)
facilitates a direct comparison between the number of colonies present and number of worms regenerated. P-values for
tests in which significantly more animals regenerated than predicted are shown in bold. Together these data indicate that
as few as three (P=0.0478), four (P=0.0017), or five colonies (P<0.0001) colonies are sufficient to rescue entire animals




Genbank accession numbers for Smed-gata456 and Smed-hnf4 are JF802198 and
JF802199. Accession numbers for smedwi-1 and Smed-PC2 are DQ186985 and
BK007043. Sequence information for additional genes used in this study are deposited
in Genbank as expressed sequence tags: DN298006 (Smed-h2b); DN300872
(Smed-pcna); AY067447 (Smed-RRM2); FG310880 (Smed-chat); EG413862 (Smed-
mat); EC386316 (Smed-mhc-1); AY067773 (Smed-synapsin); EC616347 (Smed-
CA). Sequence information for Smed-AGAT-1, Smed-MCP-1, Smed-ODC-1, Smed-
CYP1A 1-1, NB.52.12F, Smed-Ras-related, NB.21.11E, and NB.32.1G can be found in
Eisenhoffer et. al. (2008).
Planaria Culture and Irradiation
Schmidtea mediterranea asexual strain CIW4 was maintained as described (Sanchez
Alvarado et. al., 2002). Animals were starved in the presence of Gentamicin (Gibco) for
ten days prior to irradiation experiments. Individual irradiation experiments used size-
matched animals with identical feeding and culturing histories. Irradiation was delivered
to animals at 79-82 rads/min using dual Gammacell-40 137Cesium sources (i.e., sources
positioned both above and below the specimen). For survival experiments, irradiated
animals were maintained in 6 cm Petri dishes (10 worms/dish) in the dark; water and
dishes were changed every 3-4 days.
In situ Hybridization and Tissue Sectioning
Whole-mount in situ hybridizations (ISH) and fluorescent in situ hybridizations (FISH)
were performed and RNA probes prepared as described (Pearson et. al., 2009).
Tyramide-conjugated fluorophores were generated from AMCA, Fluorescein, Rhodamine
(Pierce), and Cy5 (GE Healthcare) NHS esters as previously reported (Hopman et. al.,
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1998). For double/triple labeling, HRP-inactivation was performed between labelings
in 4% formaldehyde, 45 min. Tissue sectioning was performed as previously described
(Reddien et. al., 2005b).
BrdU labeling and Immunofluorescence
Animals were fed or injected with 5 mg/mL BrdU (Fluka) as previously described
(Newmark and SAnchez Alvarado, 2000). Specimens were fixed in 4% formaldehyde as
described (Pearson et. al., 2009) and antibody labelings performed as reported (Reddien
et. al., 2005b) using rat anti-BrdU (1:100, Oxford Biotech), rabbit anti-H3P (1:100,
Millipore), or rabbit anti-SMEDWI-1 (Guo et. al., 2006) (1:2000).
Microscopy
Microscopy images were captured with an AxioCam HRm on a Zeiss Stereo Lumar V1 2
or an Axio Imager Z1 using Zeiss Axiovision software. Double-positive cells were scored
in optical sections obtained with an Apotome (Zeiss). Additional images were collected
on a Zeiss LSM 700 confocal microscope using Zen software.
Phylogenetic Analysis
Putative members of gata4/5/6 and hnf4 gene families were identified in the Schmidtea
mediterranea genome. Peptide sequences were aligned with well-known members
of these families using ClustalW with default settings (Thompson et. al., 1994).
Alignments were trimmed using GBlocks (Castresana, 2000). Neighbor-joining trees
were generated using ClustalW using default settings and 1,000 bootstrap replicates.
Maximum likelihood analyses using 100 bootstrap replicates were run on each
alignment using PhyML with WAG model of amino acid substitution, four substitution rate
categories, and the proportion of invariable sites estimated from the dataset (Guindon
and Gascuel, 2003). Maximum likelihood trees are shown in Supplemental Figures 7
and 9. Maximum likelihood bootstrap values greater or equal to 50 (50%) and neighbor-
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joining bootstrap values greater than 500 (50%) are indicated in bold and italics,
respectively.
X1(FS) Cell Collection
Animals were starved for at least seven days prior to harvesting. For control cells,
animals were macerated in 1.0 mg/ml collagenase (Sigma) and 0.3 mM N-acetyl-L-
cysteine (Sigma) for 1 hour and labeled in 0.4mg/ml Hoechst 33342 (Invitrogen) for 45
minutes. For transplant cells, animals were macerated in 1.0 mg/ml collagenase and 0.3
mM N-acetyl-L-cysteine for 20 minutes. The X1 population from Hoechst-labeled control
cells was used to define the forward scatter/side scatter gate. Cells were sorted with a
Dako Cytomation MoFlo sorter.
Single Cell Transplantation
Animals to receive transplants were starved in the presence of Gentamicin for at
least seven days prior to onset of experiments. Three days prior to transplantation,
irradiation was delivered to animals at 79-82 rads/min for 76 minutes. Cells collected
by flow cytometry were loaded at low density onto glass cover slips treated with 2%
dimethyldichlorosilane (Sigma) in chloroform. Individual cells were selected based
on morphology with 1 Ox magnification and loaded by mouth pipetting into the tip of
pulled borosilicate glass microcapillaries (Sutter) treated with 0.1% polyvinylpyrrolidone
(Sigma). Loaded cells were injected into the post-pharyngeal midline of cold-
immobilized animals at 1.5-2.5 psi (Eppendorf FemtoJet). For survival experiments,
transplant recipients were maintained in 6 cm Petri dishes (3 worms/dish) in the dark;
water and dishes were changed every 3 days.
SNP Discovery
Short (36 bp) sequencing reads from both asexual Clone 4 and sexual S2F1 L3F2 strain
expressed sequences were obtained by mRNA-Seq (Illumina). Reads were mapped to
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an assembly of planarian expressed sequences and Single Nucleotide Polymorphisms
(SNPs) were identified with MAQ using default settings (Li et. al., 2008). Only SNPs
based on at least 1OX read depth for both strains were considered. Candidate loci were
selected based on presence of multiple homozygous SNPs. SNP-containing loci were
validated by PCR and Sanger sequencing (see SNP sequencing below).
Genomic DNA Isolation
Animals used for genotyping were subjected to two rounds of regeneration and starved
for at least five days. DNA was isolated from intact regenerated animals using Easy-
DNA kit (Invitrogen).
PCR-RFLP Analysis
Restriction Fragment Length Polymorphism (RFLP) loci were amplified from genomic
DNA samples (Finnzymes Phusion Polymerase). PCR product was purified and
digested with restriction enzymes (Hpal or Scal-HF, New England Biolabs) for two hours.
Digested DNA was purified by phenol-chloroform extraction and run on a 1.4% agarose
gel.
SNP Sequencing
SNP loci were amplified from genomic DNA. PCR products were gel-purified, A-tailed
(Roche Taq Polymerase), and ligated into pGEM-T Easy vector (Promega). 94 bacterial
colonies from each locus for each strain were Sanger sequenced with M13F primer.
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AGCCGTTATCCAATGAG











Sequences of SNP loci
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Primers for PCR-RFLP analysis.
RFLP_00310_Fl 5'-TCGGATACAGTAAATCACCTGATAC-3'
RFLP_00310 R2 5'-ATTCAAAACTCTCAGCCAAACC-3'
RFLP 00463 Fl 5'-ATCGGATCACCTATCAATATTTGC-3'
RFLP_00463_RI 5'-GATAACGGCTCGGTGAGGAC-3'
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Abstract
Pluripotency is a central, well-studied feature of embryonic development, but
the role of pluripotent cell regulation in somatic tissue regeneration remains poorly
understood. In planarians, regeneration of entire animals from tissue fragments is
promoted by the activity of adult pluripotent stem cells (cNeoblasts). We utilized
transcriptional profiling to identify planarian genes expressed in adult proliferating,
regenerative cells (neoblasts). We also developed quantitative clonal analysis methods
for expansion and differentiation of cNeoblast descendants that, together with RNAi,
revealed gene roles in stem cell biology. Genes encoding two zinc finger proteins, Vasa,
a LIM domain protein, Sox and Jun-like transcription factors, two candidate RNA-binding
proteins, a Setd8-like protein, and PRC2 (Polycomb) were required for proliferative
expansion and/or differentiation of cNeoblast-derived clones. These findings suggest
that planarian stem cells utilize molecular mechanisms found in germ cells and other





Pluripotent cells, such as embryonic stem (ES) cells and induced pluripotent
(iPS) cells provide attractive opportunities for regenerative medicine. These cells can
be propagated long term in cell culture, yet retain the ability to differentiate into all
specialized cell types of the body. The possibility of using pluripotent cells to regenerate
adult somatic tissues in vivo, however, remains a daunting challenge: successful
regeneration must balance precise regulation of cell proliferation, lineage commitment,
migration, and differentiation, all while avoiding tumor formation.
Model organisms will likely play a crucial role in uncovering important general
principles and gene networks that can regulate pluripotency for tissue regeneration.
Planarians, an emerging model system for molecular studies of regeneration, are
free-living freshwater flatworms that can regenerate any body part - including the
head - in about a week (Reddien and Sanchez Alvarado, 2004). Planarians can be
reared in large numbers in the laboratory and a recently sequenced genome (Robb
et al., 2007), robust histological methods (Pearson et al., 2009), molecular tools
(Newmark and Sanchez Alvarado, 2000), and RNAi (Reddien et al., 2005a; Sanchez
Alvarado and Newmark, 1999) currently facilitate the identification of genes controlling
regeneration. Planarians are triploblastic (possessing derivatives of all three germ
layers) and contain a population of adult proliferative somatic cells (neoblasts) that
have similar morphology (Reddien and Sanchez Alvarado, 2004), can be identified by
common expression of PIWI-encoding genes (Reddien et al., 2005b), and have RNA-
rich subcellular bodies known as chromatoid bodies (Higuchi et al., 2007). Recently,
the neoblast population was demonstrated to contain clonogenic cells (cNeoblasts) that
give rise to descendants spanning multiple germ layers, can restore tissue turnover and
regenerative ability to irradiated animals, and can even generate entire adult bodies
in single-cell transplantation experiments (Wagner et al., 2011). Genetic investigation
of planarian stem cell biology, therefore, provides an opportunity to discover gene
networks promoting pluripotency, maintenance of pluripotency within adult tissues, and
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deployment of stem cells for the regeneration of missing cell types.
Here, we took a genome-level approach to profile and functionally characterize
a large set of intrinsic regulators of planarian stem cell biology. Motivated by the clonal
repopulation of proliferative cells observed in planarians following treatment with low
irradiation doses (Wagner et al., 2011), we developed quantitative functional assays for
stem cell-initiated clonal expansion and differentiation that permit rapid identification
of RNAi phenotypes. Numerous candidate regulatory genes identified by expression
analyses were thus assessed and functionally classified by RNAi and clonal analysis.
Together, these studies establish a simple yet powerful framework for investigating
planarian stem cell regulation , and reveal a large panel of genetic factors utilized by this




Transcriptional Profiling the Proliferative Cell Compartment of Adult Planarians
To identify candidate genetic regulators of planarian stem cells, we performed
genome-level microarray studies comparing the expression profiles of untreated
animals to animals exposed to a lethal dose (6,000 rads) of y-irradiation. In planarians,
proliferative cells (Dubois, 1949; Reddien et al., 2005b) and their associated transcripts
(Eisenhoffer et al., 2008; Rossi et al., 2007) are rapidly and specifically eliminated
following lethal irradiation. We generated a comprehensive oligonucleotide array
(representing approximately 37,936 sequences) from EST data and predicted genes
present in the Schmidtea mediterranea genome (Robb et al., 2007; Sanchez Alvarado
et al., 2002; Zayas et al., 2005). To specifically profile proliferating cells (neoblasts),
rather than their post-mitotic progeny, we identified the first transcripts depleted within
6, 12, 24, and 48 hours after exposure to lethal (6,000 rad) irradiation. As expected,
transcripts for smedwi-1, PCNA, mcm2, and RRM2-1, which are specifically expressed
in proliferative cells (Eisenhoffer et al., 2008; Guo et al., 2006; Hayashi et al., 2010;
Wagner et al., 2011), were rapidly depleted within 24 hours of irradiation (Fig. 1A).
Transcripts marking post-mitotic cell types, NB.21.11 E, NB.32.1G, AGAT-1, MCP-1,
and ODC-1 (Eisenhoffer et al., 2008), were not eliminated until 48 hours or later, and
transcripts expressed in multiple differentiated cell types remained unaffected (Fig. 1A
and Supplemental Fig. 1). We confirmed these trends by whole-mount triple fluorescent
in situ hybridization (FISH) experiments with animals fixed 24 hours after irradiation (Fig.
1 B).
The vast majority of transcripts examined (98.7%) did not show differential
expression between untreated and 24 hour-irradiated animals. Of the 578 transcripts that
showed differential expression, 90% were downregulated and 67% displayed sequence
similarity (BLASTx, E value < 1x10-10) to human genes (Fig. 1C and Supplemental
Table 1). Gene Set Enrichment Analysis (Subramanian et al., 2005) revealed that
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Gene Ontology (GO) terms associated with cell proliferation, e.g., DNAReplication
(GO:0006260) and CellCycleProcess (GO:022402), were enriched within the 24-hour
dataset (Fig. 1 D; adj. p value < 0.001, and p = 0.0107, respectively). ChromatinBinding
(GO:0003682), RNA-Binding (GO:0003723) and DNA-Binding (GO:0003677) terms were
also enriched (Fig. 1D and Supplemental Table 2), suggesting that genes regulating
pluripotency and stem cell maintenance might also be contained within this dataset.
Expression of Candidate Regulatory Genes in Proliferative Cells
We determined the patterns and irradiation sensitivity of expression for identified
candidate regulatory genes by whole-mount in situ hybridization. We prioritized for
analysis genes predicted to encode DNA-, RNA-, or protein-binding domains (see
Supplemental Table 3). Proliferative cells (e.g., smedwi-1+ cells) are irradiation-sensitive,
absent from head tips, and distributed throughout the body mesenchyme (Reddien et al.,
2005b). We identified 28 genes expressed in irradiation-sensitive patterns similar to the
distribution of smedwi-1+ cells (Fig. 2A). Several of these genes are predicted to encode
chromatin-modifying protein domains, including Smed-mrg-1 (MORF-related), Smed-
nsd-1 (NSD1-like SET domain), Smed-rbbp4-1 (Retinoblastoma binding protein 4), and
Smed-setd8-1 (SET domain containing 8) (Supplemental Table 3). In addition, three
members of Polycomb repressive complex 2 (PRC2) were also identified: Smed-ezh
(Enhancer of Zeste), Smed-sz12-1 (Suppressor of Zeste), and Smed-eed-1 (Embryonic
Ectoderm Development), all well-established regulators of cell fate and stem cell activity
(Boyer et al., 2006; Ezhkova et al., 2011; Lee et al., 2006; Ringrose and Paro, 2004).
Consistent with the well-known expression of germ cell-associated factors in
planarian mitotic cells (Guo et al., 2006; Reddien et al., 2005b; Salvetti et al., 2005;
Shibata et al., 2010; Shibata et al., 1999; Solana et al., 2009) we also identified four
genes with sequence similarity to RNA-binding proteins. Two of these genes, Smed-
vasa-1 and Smed-vasa-2, encode DEAD-Box 4 helicase domains and are similar to
the germline-associated helicase, Vasa. Neoblast expression of Vasa-like PL10 genes
(DjvIgA and DjvIgB) and DjVas-1, a vasa ortholog, have been described in a related
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planarian species, Dugesia japonica (Mochizuki et al., 2001; Rouhana et al., 2010;
Shibata et al., 1999). DjVas-1 is required for regeneration in D. japonica, but the cellular
basis for this phenotype is unclear (Rouhana et al., 2010). We also identified Smed-
khd-1 (a gene encoding a KH-domain protein) and Smed-cip29 (similar to Cytokine-
Induced Protein 29 kDa) genes, which both encode proteins that might function in RNA
metabolism (Sugiura et al., 2007; Valverde et al., 2008; Wang et al., 2002; Yamazaki et
al., 2010). Similar expression patterns for a cip29-like gene have also been reported for
Dugesia japonica (Rossi et al., 2007).
To date, the potential role of transcription factors and signaling proteins in
planarian stem cell regulation has only received minor attention. We identified seven
genes encoding predicted transcription factors expressed in proliferative cells: Smed-
prox- 1 (Prospero Homeobox 1), Smed-tcf 15 (Transcription Factor 15), Smed-soxP- 1,
Smed-soxP-2, and Smed-soxP-3 (three genes encoding SRY [sex-determining region
Y] box-containing proteins), Smed-junl-1 (c-jun-like), and Smed-egr-1 (Early Growth
Response protein), as well as four genes predicted to encode zinc finger domain-
containing proteins, Smed-zfmym-1, Smed-zf207-1, Smed-fhl-1 (a Four and a Half
LIM Domain protein), and Smed-zfp-1. Finally, four neoblast-expressed genes encode
proteins with similarity to signal transduction proteins: Smed-nlk-1 (Nemo-like kinase),
Smed-armc1 (Armadillo repeat-containing 1), as well as Smed-fgfr-1 and Smed-fgfr-4
(Fibroblast growth factor receptors). Expression of FGFR-like genes in proliferative cells
has been reported in Dugesiajaponica (Ogawa et al., 2002), but no functional roles for
these genes in planarian stem cells are described.
Several genes identified by the microarray studies described above were
expressed in smedwi-1-like, irradiation-sensitive patterns, but appeared enriched in
specific subpopulations of cells. Some genes (e.g. prox-1, tcfl5, armcl, fgfr-1) were
expressed at high levels in irradiation-sensitive cells near the midline of the animal,
whereas others (e.g. egr-1, soxP-3) were found in patterns that extended to the
periphery of the body and/or regions slightly anterior to the photoreceptors, similar to
previously described post-mitotic cell populations (Fig. 2A) (Eisenhoffer et al., 2008).
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In addition, expression of many genes was also detected in the pharynx, and/or in the
central nervous system (Fig. 2A). Of the 22 transcripts detectable by FISH, all displayed
overlapping expression with smedwi-1 (Fig. 2B and Supplemental Fig. 2), confirming
expression within dividing cells. Together, these data significantly extend the list of genes
with identified expression in the neoblasts of planarians.
Identification of Genes Required for Recovery from Sublethal Irradiation
To investigate the functions of identified candidate regulatory genes, we first
developed a sensitized assay capable of screening for weak (or strong) phenotypic
defects in stem cell activity. Animals exposed to a high irradiation dose (6,000 rads)
experience complete failure of tissue turnover (Bardeen and Baetjer, 1904; Dubois,
1949) and display stereotypical signs of stem cell loss, including tissue regression,
ventral curling, and ultimate lysis (Reddien et al., 2005b). By contrast, delivery of
sublethal irradiation doses (e.g. 1,000 - 1,250 rads) initially reduces dividing cell
numbers, but such animals can ultimately restore normal proliferative cell levels (Salvetti
et al., 2009) and regenerative ability (Wagner et al., 2011). For example, smedwi-1+ cell
numbers were dramatically reduced seven days after exposure to 1,250 rads, but were
restored to approximately normal levels over the next 14 days (Fig. 3A). Accordingly,
under mock RNAi conditions, most animals exposed to 1,250 rads survived and
remained healthy for over two months of observation (Fig. 3B-D). We reasoned that
1,250-rad irradiated animals would be highly sensitized to defects in stem cell function.
In such a background, even subtle RNAi phenotypes might render animals unable to
restore tissue turnover and manifest as a lethal (easily scored) phenotype.
Animals were fed dsRNA for the 28 identified gene candidates, exposed to
1,250 rads irradiation, and assessed for the ability to survive. RNAi of 16 genes yielded
robust RNAi phenotypes, similar to the effects of lethal irradiation (i.e., head regression,
curling, and lysis; Fig. 3E, Supplemental Fig. 3, Supplemental Table 4). fgfr-1(RNAi)
animals exhibited head regression and curling, then recovered (head regeneration)
(Fig. 3E and Supplemental Table 4), possibly explained if RNAi effects wore off. With
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three phenotypes (khd-1, zfp-1, vasa-1), lesions developed on the dorsal epidermis,
suggesting a mode of tissue failure at least in part distinct from that of lethal irradiation
(Fig. 3E and Supplemental Fig. 3A). Sublethal irradiation, therefore, provides a sensitive,
readily scalable screening strategy for planarians that can facilitate identification of novel
stem cell RNAi phenotypes.
Assessment of Stem Cell Regulation by Clonal Analysis
Failed recovery RNAi phenotypes observed following 1,250 rads irradiation
(described above) could occur because of defects in a wide range of processes including
stem cell self-renewal, lineage commitment, cell proliferation, DNA repair, migration, and/
or differentiation. In order investigate identified RNAi phenotypes in greater cellular detail
and to distinguish between these possibilities, we developed methods for quantitative
analysis of individual planarian stem cell clones. High doses of irradiation (e.g., 6,000
rads) completely eliminate proliferating cells from planarian tissues. Much lower doses
(e.g., 1,500-1,750 rads) similarly deplete the vast majority (>99%) of proliferating cells,
but permit the survival of rare, isolated neoblasts. These remaining clonogenic neoblasts
("cNeoblasts") divide to produce, from a single-cell starting point, clonally-derived
clusters of cellular descendants (i.e., "colonies") (Wagner et al., 2011). Between days 7
and 14 post-irradiation colonies exhibited robust (approximately 10-fold) and significant
(p < 0.01, Student's t-test) increase of smedwi-1+ cell numbers (Fig. 4A-C). In addition
to smedwi-1+ neoblasts, expanding colonies also produce post-mitotic differentiating
cell types that can be labeled with RNA probes to the NB.21.11 E and AGAT-1 genes
(Wagner et al., 2011). NB.21.11 E+ and AGAT-1+ cells are mesenchymal cell types that
are located subepidermally, adjacent to the body-wall musculature (Eisenhoffer et al.,
2008). Because these cells have a short (2-4 day) lifespan, they are initially depleted
in irradiated animals and are only later produced within expanding smedwi-1+ cell
colonies. Notably, colonies exhibited a linear relationship between numbers of dividing
and differentiating cells (Fig. 4B-C). Single colony analysis can therefore be used to
simultaneously and quantitatively assess multiple aspects of stem cell function. First,
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colony cell number can be readily quantified as a readout of neoblast "expansion" (i.e.,
self-renewal). Second, the ratio of proliferating to post-mitotic cell types can be used
to assess the rate of differentiation within a single colony. Each of these processes
(expansion and differentiation) can be measured independently within individual colonies
under RNAi conditions, providing a powerful framework for deciphering phenotypes of
candidate stem cell regulatory genes.
We first tested the effectiveness of colony analysis by studying genes with
previously reported RNAi phenotypes. Animals were fed a single dose of dsRNA 4 days
after exposure to 1,500 rads irradiation, and fixed on days 7 and 14. With this protocol,
colonies initiate prior to dsRNA administration, and consequences of RNAi on these
colonies are thereafter assessed . We devised criteria for several colony phenotype
classes. "Colony loss" phenotypes, for example, were designated when RNAi caused
complete disappearance of colony cells between days 7 and day 14 post-irradiation.
"Failed expansion" phenotypes were classified as those in which both smedwi-1+ and
NB.21.11 E+ day-1 4 colony cell counts were significantly decreased (t-test, p < 0.05)
relative to control RNAi colonies. "Failed differentiation" phenotypes were designated
when post-mitotic to proliferative cell count ratios deviated significantly (ANCOVA,
p < 0.01) from those of control RNAi colonies (see Materials and Methods). We first
analyzed, as a control, the RNAi phenotype of Smed-rpa-1, a gene encoding a protein
similar to human Replication Protein Al (RPA1). RPA1 is required for DNA replication,
and Smed-rpal RNAi leads to decreased mitotic activity and tissue failure in adult
planarians (Reddien et al., 2005a). Animals fed dsRNA for Smed-rpa1 experienced
complete disappearance of colony cells (i.e., "colony loss") between days 7 and 14 post-
irradiation (Fig. 4D). Comparable results were obtained with additional cell cycle genes
Smed-rplpO (similar to human Ribosomal Protein, large, PO), Smed-cdc23 (similar to
human CDC23), and Smed-cyclinL1 (similar to human Cyclin Li) (Supplemental Fig. 4A-
C), indicating that RNAi of genes required for cell division disrupts continued presence
of colony cells, as expected. Furthermore, these results demonstrate that a single RNAi
dose can be highly effective for triggering colony phenotypes.
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We next analyzed the RNAi phenotype of Smed-bruli, a gene similar to the
germline-associated RNA-binding protein, Bruno (Guo et al., 2006). bruli is expressed in
dividing cells in adult planarians, and bruli RNAi leads to gradual neoblast loss, possibly
reflecting a stem cell self-renewal defect (Guo et al., 2006). Such a hypothesis predicts
that following bruli RNAi, smedwi-1+ colonies should continue to produce differentiating
cells, but fail to expand. Indeed, bruli RNAi resulted in colonies with a "failed expansion"
colony phenotype in which both smedwi-1+ cell (t-test, p = 0.016) and NB.21.11 E+ cell
(p = 0.0065) numbers were significantly reduced by day 14, relative to controls, but
possessed normal ratios of smedwi-1+ to NB.21.11 E+ cells (Fig 4D and Supplemental
Table 5). These results are consistent with a role for bruli in stem cell self-renewal.
smedwi-2 and smedwi-3 encode two Piwi homologs that, like bruli, are expressed
in dividing cells of adult planarians (Palakodeti et al., 2008; Reddien et al., 2005b).
Previous studies demonstrated that RNAi of smedwi-2 or smedwi-3 leads to failure of
regeneration and tissue homeostasis. Furthermore, RNAi of smedwi-2 (and to a lesser
extent smedwi-3) ultimately depletes proliferative cells (Palakodeti et al., 2008; Reddien
et al., 2005b). We observed a "colony loss" phenotype following smedwi-2 RNAi (Fig.
4D). smedwi-3 RNAi produced a similar effect, although some colonies, which had failed
to expand, were still present on day 14 (Fig. 4D). Colony assays, therefore, demonstrate
clear intrinsic defects in stem cell division/expansion for both smedwi-2 and smedwi-
3(RNAi) animals.
To assess stem cell differentiation, we examined Smed-CHD4 and Smed-p53,
two genes with previously described roles in the production of post-mitotic cell types
(Pearson and SAnchez Alvarado, 2010; Scimone et al., 2010). As predicted, RNAi
of CHD4 and p53 each resulted in "failed differentiation" colony phenotypes, with
significant reductions (p 0.0107) in NB.21.11 E+ and AGAT-1+ cell numbers on day
14, and significant deviations in ratios of smedwi-1+ to NB.21.11 E+ (or AGAT-1+) cells
(Fig. 4D, Supplemental Fig. 4D-E, Supplemental Table 5). In addition to differentiation
defects, CHD4(RNAi) and p53(RNAi) planarians have been reported to ultimately
experience exhaustion of proliferative cell activity. p53 RNAi colonies also displayed
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significantly lower numbers of smedwi-1+ cells (p = 0.0018), confirming a combined
defect in both colony expansion and differentiation (Fig. 4D, Supplemental Table 5). By
contrast, CHD4(RNAi) colonies displayed approximately normal numbers of smedwi-1+
cells on day 14, indicating an initial persistence of colony expansion activity even while
differentiation was diminished (Fig. 4D and Supplemental Table 5). Taken together,
these RNAi experiments demonstrate the power of colony analysis for examination of
stem cell phenotypes. In particular, bruli and CHD4 RNAi phenotypes also indicate that
expansion and differentiation of colony cells are distinct biological processes that can be
independently assessed and phenotypically decoupled.
In analyses of any stem cell system, distinguishing primary defects associated
with gene loss of function from indirect changes in stem cell behavior (e.g., as a
consequence of tissues becoming defective) is a major challenge. Prior strategies
for studying stem cell function in planarians often involve slow-unfolding phenotypes
that can confound interpretation. The study of RNAi phenotypes by colony analysis in
planarians resolves many of these issues because stem cell defects can be assessed
before substantial tissue degeneration has occurred. This approach using planarians
and cNeoblast colonies is sensitive, direct, and allows rapid determination of defects
immediately following initial gene inhibition.
RNAi and Clonal Analysis Identify Regulatory Roles for Neoblast Genes
We next assessed the functions of genes associated with "failed recovery" RNAi
phenotypes following sublethal irradiation (described above) using colony analysis. One
gene, setd8-1, exhibited a "colony loss" phenotype (Fig. 4E), indicating that this gene
is required for the persistence of cell division in growing colonies. Accordingly, human
SETD8/PR-SET7 (an H4K20me1 lysine methyltransferase) is known to promote a silent
chromatin state and is required for cell cycle progression (Nishioka et al., 2002; Oda et
al., 2009).
Nine genes had "failed colony expansion" RNAi phenotypes (Fig. 4E and
Supplemental Table 5). Included in this class were zmym-1, khd-1, cip29, soxP-1, fhl-1,
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and junl-1. Interestingly, RNAi of all three genes encoding components of the Polycomb
PRC2 complex, ezh, sz12-1, and eed-1, also resulted in failed colony expansion
phenotypes, indicating that Polycomb proteins might also play a key role in the
regulation of planarian stem cell self-renewal.
We uncovered roles for two genes in the process of differentiation. Following
RNAi of Smed-zfp-1 or Smed-vasa-1, day 14 colonies displayed significantly distorted
ratios (p < 0.0001) of proliferative to post-mitotic cells (Fig. 4E, Supplemental Fig. 4,
and Supplemental Table 5). The zfp-1 RNAi phenotype was particularly strong, with
day 14 colonies completely devoid of both NB.21.11E+ and AGAT-1+ cells (Fig. 4E,
Supplemental Fig. 4F). In addition to defects in post-mitotic cell numbers, RNAi of
zfp-1 or vasa-1 also led to reduced numbers of smedwi-1+ cells in day 14 colonies
(Fig. 4E, Supplemental Table 5). We utilized zfp-1 to test colony formation with an
independent method; following transplantation of zfp-1 RNAi cells into irradiated non-
RNAi hosts, similar colony abnormalities were observed (Supplemental Fig. 4H). zfp-1
and vasa-1 are similar to p53 in that RNAi phenotypes include aspects of both failed
colony expansion and failed differentiation. However, unlike p53, which is expressed
predominantly in post-mitotic cells (Pearson and Sanchez Alvarado, 2010), both vasa-
1 and zfp-1 are primarily expressed within the proliferative smedwi-1+ population (Fig.
2A-B). Together, these data suggest that vasa-1 and zfp-1 function within proliferative
cells, prior to significant expression of p53, to promote the process of differentiation.
Furthermore, these data demonstrate that vasa-1, a gene similar to the germ cell-
promoting VASA helicase, is integral to the process of somatic cell differentiation in
planarian adults.
Genes with Colony RNAi Phenotypes are Required for Tissue Homeostasis and
Regeneration
Because homeostasis and regeneration RNAi data can be predictors of colony
phenotypes (Fig. 4D), we tested whether RNAi phenotypes initially identified by colony
analyses would manifest in adult planarians in the absence of irradiation.
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Smed-soxP-1 encodes SRY-box-containing (Sox) transcription factor
(Supplemental Fig. 5) and displayed a failed expansion RNAi phenotype in colony
assays. Long-term experiments in unirradiated animals revealed that soxP-1(RNAi)
animals experience progressive loss of smedwi-1+ cells, resulting in near complete
depletion after 41 days of RNAi (Fig. 5A). Animals amputated after 40 days of soxP-1
RNAi either lysed (9/20) or failed to regenerate (11/20) (Fig. 5B), and animals exposed
to continuous soxP-1 RNAi in the absence of injury developed epidermal lesions,
experienced regression of head tissue (Fig. 5C), and all ultimately died (n > 30 animals/
sample) (Fig. 5D). Together these data indicate soxP-1 is necessary for long-term
maintenance of adult stem cell activity in the absence of irradiation. Notably, SOXP-
1 represents the first known transcription factor expressed broadly in the neoblast
population and required for its maintenance.
We investigated additional genes displaying expansion RNAi phenotypes by
long term RNAi timecourse experiments. Flow cytometry-based quantification of the X1
cell population (-90% of which express smedwi-1) is an established, reliable method
for assessing the presence of proliferating cells (Hayashi et al., 2006; Palakodeti et al.,
2008; Reddien et al., 2005b; Scimone et al., 2010). We predicted that similar to soxP-
1 and bruli(Guo et al., 2006), RNAi of ezh, eed-1, sz12-1, fhl-1, or cip29 would lead to
a loss of proliferating cells, but at a rate much slower than that of a gene required for
cell division (e.g., rpa1). Indeed, the proportion of X1 cells present in planarian tissues
gradually decreased over a 4-6 week RNAi timecourse for ezh, eed-1, sz12-1, and
cip29, similar to the decline measured in bruli RNAi animals (Fig. 6A). Proliferative cells
were depleted much more rapidly following rpal RNAi (Fig. 6A). RNAi of fh/-1 did not
result in decline of cell proliferation (Fig. 6A), indicating that not all genes required for
colony expansion will necessarily display defects during normal homeostasis. Loss of
proliferative cell activity in ezh, eed-1, sz12-1, or cip29 RNAi animals was correlated
with reduced size of regenerative blastemas, and faint or absent photoreceptors when
compared to control RNAi animals (Fig. 6B). These data indicate impairment, although
not a complete elimination, of regenerative ability. These results confirm that ezh, eed-
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1, sz12-1, and cip29 do indeed promote the long-term maintenance of proliferative cell
activity and regenerative ability in adult planarians, even under normal homeostasis
conditions.
We next tested whether zfp-1 and vasa-1, two genes for which RNAi caused
failed colony expansion and differentiation, might similarly be required for tissue
maintenance in non-irradiated animals. For both zfp-1 and vasa-1(RNAi) animals,
successful head regeneration was observed 7 days after amputation, although
regenerated tissues subsequently regressed (Supplemental Fig. 6). 21 days of
continuous RNAi treatment resulted in dramatic reductions in the numbers of smedwi-1+,
NB.21.11 E+, and AGAT-1+ cells in head regions of some vasa-1(RNAi) animals, as well
as dramatic reductions in NB.21.11E+ and AGAT-1+ cell numbers in all zfp-1(RNAi)
animals examined (Fig. 6C). Similar to phenotypes observed following 1,250 rads
irradiation, lesions appeared on the dorsal surface of vasa-1(RNAi) animals, and zfp-
1(RNAi) animals experienced tissue regression and ventral curling (Fig. 6D). These
signs of tissue failure were accompanied by complete lethality within 30 days (Fig.
6E). Together, these data indicate that failures of colony expansion and differentiation
observed following zfp-1 or vasa-1 RNAi reflect a general requirement of these genes in
stem cell-mediated maintenance of adult tissues.
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Discussion
Planarians Provide an Ideal in vivo System for Gene-Function Studies of Somatic
Pluripotency
Investigations into the molecular basis of pluripotency have long focused on
germ cell regulation and embryonic cells in culture. Genetic screens in D. melanogaster
and C. elegans, for example, have identified regulatory factors important for germline
development and maintenance, and early embryonic fate decisions (Rongo and
Lehmann, 1996; Seydoux and Braun, 2006). Recent efforts investigating regulation of
embryonic stem (ES) cells and induced pluripotent (iPS) cells additionally provide a
window into the molecular underpinnings of early events in mammalian development
(Young, 2011).
Increasingly, it has become evident that several genes associated with germ
cell biology are also expressed in multipotent, adult, somatic cell types across disparate
animal phyla including cnidarians, sponges, lophotrochozoans, and echinoderms
(Juliano et al., 2010). These organisms provide a novel physiological context - adult
tissue maintenance and regeneration - and useful evolutionary positions for studying
the pluripotent state. Planarians, with the availability of robust culturing methods, a
sequenced genome, molecular tools, and RNAi, are well suited for this task. Planarians
possess remarkable regenerative abilities and are also now known to contain pluripotent
stem cells in the adult animal (Wagner et al., 2011). The neoblast population (cNeoblasts
and their descendants) therefore presents an attractive, experimentally accessible
system for gene function studies of somatic pluripotency.
Sublethal Irradiation and Clonal Analysis Enable Rapid Elucidation of Stem Cell
Phenotypes
Limitations of currently available methods prompted us to develop novel
functional assays for studying stem cell regulation in planarians. One of the most striking
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properties of stem cells is the ability to reconstitute and restore tissues of an irradiated
host animal (Osawa et al., 1996; Spangrude et al., 1988; Till and McCulloch, 1961).
Such a capacity for cNeoblasts has been recently shown by single-cell transplantation
into lethally irradiated hosts (Wagner et al., 2011), and by sublethal irradiation
experiments (Salvetti et al., 2009; Wagner et al., 2011). Here we demonstrated the
feasibility of using sublethal irradiation to screen for "failed recovery" phenotypes as
a first step in identifying genes regulating planarian stem cell activity. Additionally,
we determined that individual stem cell colonies undergo a stereotyped process of
expansion and post-mitotic cell production. Single colony analysis can therefore be used
to quantitatively assess these features under RNAi conditions.
Phenotypes described by colony assays can mirror those elucidated during
homeostasis and regeneration (and vice versa). For example, we assessed the
requirements of planarian CHD4 and p53 homologs in colonies. RNAi of either CHD4
or p53 was previously described to affect the numbers of differentiating neoblast-
descendent cells (Pearson and Sanchez Alvarado, 2010; Scimone et al., 2010),
and RNAi of either gene caused a robust defect in colony differentiation. cNeoblast
colonies provide several key advantages over previously available functional assays in
planarians: they are quantitative in nature, they tend to generate rapid phenotypes (prior
to significant somatic tissue damage which can confound phenotype interpretation), they
involve a synchronized starting point, and they assess gene function under conditions
of rapid symmetric stem cell expansion, a process which might only occur intermittently
during normal homeostasis. Together, these methods represent a significant step
forward in the ability to study stem cell phenotypes in planarians. Using clonal analysis
and RNAi, we categorized several known and novel genetic factors with "failed
differentiation" or "failed expansion" phenotypes in planarians (Fig. 7).
Planarian Stem Cells Share Molecular Features with other Stem Cell Types
We identified three planarian genes Smed-ezh, Smed-sz12-1, and Smed-
eed-1 (encoding predicted proteins similar to Polycomb Repressive Complex 2 (PRC2)
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components) that are expressed in proliferative cells and required for colony expansion
and long-term maintenance of proliferative cell activity. Regulation of gene expression
by Polycomb proteins is widely conserved among both embryonic and adult stem cell
systems. In C. elegans, Mes proteins including MES-2 (a homologue of Drosophila
PRC2 protein, Enhancer of Zeste) are required for X-chromosome dosage compensation
and are essential for germ cell development (Fong et al., 2002; Garvin et al., 1998).
Polycomb-mediated regulation of pluripotency, furthermore, is found in mammalian
embryonic stem cells in which PRC2 complex components bind and deposit repressive
H3K27me3 histone marks at promoters of developmental regulators (Boyer et al., 2006;
Lee et al., 2006). In mouse ES cells, PRC2 inhibition leads to upregulation of genes
normally expressed during differentiation, though these ES cells can still propagate in
vitro and remain pluripotent (Boyer et al., 2006; Chamberlain et al., 2008). Similarly,
loss of PRC2 in adult cells such as hair follicles of the epidermis and skeletal muscle
satellite cells leads to transcriptional derepression and stem cell dysfunction (Ezhkova
et al., 2011; Juan et al., 2011). In these in vivo contexts, however, stem cell failure is
associated with loss of proliferative activity (Ezhkova et al., 2011; Juan et al., 2011). In
planarians, loss of proliferative cells following RNAi of PRC2 genes therefore resembles
in vivo phenotypes observed for adult stem cells. Future studies of PRC2 function in
planarians will therefore provide an important in vivo context for further investigating the
role of this complex in pluripotent cells.
We also identified a requirement for Smed-soxP-1, a gene encoding a Sox
transcription factor, in the process of colony expansion, however we could not classify
the Sox subfamily to which SOXP-1 belongs. The discovery of soxP-1 is significant
because this encodes the first known transcription factor expressed broadly in neoblasts
and required for their maintenance. Sox transcription factors regulate cell fate in a wide
range of contexts from sex determination (Sinclair et al., 1990) to pluripotency (Avilion et
al., 2003; Boyer et al., 2005). It will be interesting to compare the functions of SOXP-1
and to those of Sox proteins in other organisms, such as Sox2 in ES cells.
Polycomb and Sox proteins are not exclusively utilized in pluripotent cells, and
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are routinely deployed in other physiological contexts (e.g., adult stem cell regulation
(Ezhkova et al., 2011; Juan et al., 2011) and tissue patterning (Denell, 1978)). By
contrast, expression and function of conserved RNA-binding germline-associated
genes (e.g., vasa, bruno, piwl) might be more restricted to instances of pluripotent cell
maintenance (Juliano et al., 2010). Cancer cells, which share many common features
with pluripotent cells, also in some cases express germline-associated genes and/or
require them for tumorigenesis (Janic et al., 2010; Simpson et al., 2005). In planarian
adults, homologs of germline regulators (e.g., bruli, smedwi-2, smedwi-3, DjPum, and
Spoltud-1) are expressed within proliferating cells and required for their maintenance
(Guo et al., 2006; Palakodeti et al., 2008; Reddien et al., 2005b; Salvetti et al., 2005;
Solana et al., 2009). Here, we determined that smedwi-2, smedwi-3, and bruli are all
required for proliferation and/or expansion of cNeoblast descendants. We also defined
a functional role for Smed-vasa-1, a gene highly similar to Drosophila and human Vasa
proteins, in planarian stem cell regulation. Drosophila Vasa contains a DEAD-box RNA
helicase domain (Lasko and Ashburner, 1988), and is required for accumulation and
proper translational regulation of germ cell mRNAs, oocyte patterning, and differentiation
(Styhler et al., 1998; Tomancak et al., 1998). Similarly, we demonstrated that Smed-
vasa-1 is required for proper differentiation and expansion of somatic stem cell colonies,
and for maintenance of tissue integrity in unirradiated animals. Interestingly, the mode of
tissue failure in Smed-vasa-1 RNAi animals (lesions) is reminiscent of other phenotypes
related to loss of differentiation activity (e.g., p53 or zfp-1 RNAi animals). These findings,
in particular those for Smed-vasa-1, support the idea that pluripotent stem cells and
germ cells can share common molecular features.
Novel Genetic Regulators of Pluripotent Stem Cell Activity
In addition to the genes we characterized with previously studied functions in
other organisms, we also identified phenotypes for a number of genes with understudied
roles in stem cell biology (Fig 7). For example, we identified novel functional roles in
stem cell regulation for three genes encoding zinc finger proteins (zmym-1, fh/-1, and
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zfp-1), one additional transcription factor (jun/-1), and two genes encoding putative
RNA-binding proteins (khd-1 and cip29) (Sugiura et al., 2007; Valverde et al., 2008).
Given the extensive role of RNA-binding proteins in germ cell and planarian stem cell
biology, further study of khd-1 and cip29 might reveal additional molecular characteristics
of pluripotency and the undifferentiated state. Our expression analyses also identified
additional candidate regulatory genes expressed in neoblasts, including those encoding
additional transcription factors (soxP-2, soxP-3, prox-1, tcf15, and egr-1), which were
not associated with detected RNAi phenotypes. Furthermore, RNAi of some genes
(rtell, fgfr-4, znf2O7-1, and mrg-1) caused tissue maintenance defects after sublethal
irradiation but did not cause detected defects in colony assays. Future in depth studies
of identified phenotypes and exploration of potential redundancy with those genes
without phenotypes are likely to reveal additional important regulatory aspects of the
planarian stem cell system. An additional interesting future direction will involve exploring
the expression of genes identified here and any candidate heterogeneity that might exist
in the neoblasts. Given that a sequenced genome and now suitable functional assays
provide an avenue for large-scale unbiased screens, Schmidtea mediterranea presents
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Figure 1. Identification of Irradiation-Sensitive Transcripts in Adult Planarians by
Microarrays
(A) Heatmap illustrating mRNA depletion kinetics following 6,000 Rads y-irradiation.
Markers for proliferating cells (smedwi-1, PCNA, mcm2, RRM2-1), post-mitotic cells
(NB.21.11E, NB.32.1G, AGAT-1, ODC-1, and MCP-1), differentiated neurons (chat), and
differentiated intestine cells (mat) are shown. (B) Whole-mount triple-fluorescence in situ
hybridization (FISH) shows the anatomical distribution of proliferative cells (neoblasts)
with untreated and 24-hour irradiated animals. Shown are projections through z-stacks
of multiple confocal planes in the interior of entire animals. Pharynx (px) and cephalic
ganglia (cg) are indicated. Ventral views, anterior up. Scale bars, 200 [tm. (C) Volcano
plot showing transcripts depleted (green) or upregulated (red) 24 hours after irradiation.
See Supplemental Table 1. (D) Gene set enrichment analysis (GSEA) with annotated
gene list pre-ranked by log2 ratio (24-hour irradiated/untreated). Example gene sets
enriched among irradiation-depleted transcripts are shown. See Supplemental Table 2.
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Figure 2. Irradiation-Sensitive Transcripts are Expressed in smedwi-1+
Proliferating Cells
(A) Irradiation-sensitive transcripts analyzed by whole-mount in situ hybridization (ISH)
in untreated animals and animals fixed 5 days after 6,000 Rads y-irradiation. Genes
were annotated by BLASTx and PFAM (See also Supplemental Table 3). Shown
are representative ventral views, anterior up. (B) Expression of genes identified by
microarray, analyzed by double FISH with an RNA probe to the proliferative cell marker,
smedwi-1. Shown are representative ventral views, anterior up. Zoomed images are
single confocal planes from tail regions. Most cells detected by FISH co-expressed
smedwi-1; cells with little/no smedwi-1 gene expression are labeled by arrowheads.
Some transcripts (e.g., ezh and cip29) are expressed at low levels with background
signal (scattered red dots) also visible. See also Supplemental Figure 2. Scale bars
200 [tm, 10 im (zoomed images).
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Figure 3
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Figure 3. Identification of RNAi Phenotypes after Sublethal Irradiation
(A) Proliferative cell repopulation kinetics following sublethal irradiation. Proliferative
cells detected by smedwi-1 ISH in untreated animals and animals fixed 7,15, and 21
days after 1,250 Rads y-irradiation. Ventral views, anterior up. (B) Survival curves
of control RNAi animals exposed to 1,250 Rads (two independent experiments)
and 6,000 Rads y-irradiation (n = 19-20 animals per sample). (C-E) Representative
views of irradiated RNAi animals, anterior left. All images are ventral views unless
otherwise noted. (C) 6,000 Rad-irradiated animals experienced head regression
(white arrowheads) and ventral curling by day 21. (D) Most sublethally irradiated
(1,250 Rad) animals, by contrast, were visibly normal on day 64. (E) Representative
live images of animals with RNAi phenotypes after 1,250 rad exposure. Images were
collected on the first day post-irradiation (noted in parenthesis) in which visual signs of
tissue failure became apparent; only phenotypes in which >50% of animals displayed
defects are shown. White arrowheads indicate tissue regression; yellow arrowhead
indicates epidermal lesions. Scale bar, 500 pm. See also Supplemental Figure 3 and
Supplemental Table 4.
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Figure 4
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Figure 4. Genes Required for Proliferative Cell Expansion and Differentiation
Identified by RNAi and Clonal Analysis
(A) Animals exposed to 1,750 Rads were fixed for triple FISH analysis. Shown are
representative individual colonies during a timecourse after irradiation. Ventral views,
adjacent to the pharynx, anterior left. Proliferating cells (smedwi-1+), and two post-
mitotic cell types (NB.21.11 E+ and AGAT-1+) are labeled. Scale bars, 50 [rm. (B-C) Log-
scale plots of raw cell count data. Each dot represents an individual colony analyzed 7,
10, or 14 days after 1,750 Rad irradiation. smedwi-1+ cell numbers per colony are plotted
against numbers of NB.21.11E+ (B) and AGAT-1+ cells (C). (D-E) Animals irradiated
1,500 - 1,750 Rads fed one RNAi food dose displayed reduced numbers of smedwi-1+
and/or NB.21.11 E+ cells per colony. RNAi was administered by feeding 4 days after
irradiation except for jun/-1, ezh, sz12-1, and eed-1, which were fed seven days prior
to irradiation. See also Supplemental Figure 4. For statistical analysis of colony
phenotypes, see Supplemental Table 5.
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Figure 5










Figure 5. Smed-soxP-1 is Required for Maintenance of smedw-1+ Cells, Tissue
Homeostasis, and Regeneration.
(A) Animals were assessed for proliferative (smedwi-1+) and post-mitotic (AGAT-1+ and
NB.21.11 E+) cell types after several weeks of RNAi. Shown are representative confocal
planes, anterior left. (B-C) Regenerative ability and tissue homeostasis assessed
after 40 days of RNAi. (B) Representative live images of head regions 7 days post-
amputation are shown, anterior up. Approximate amputation plane is indicated by dotted
line. (C-D) Tissue maintenance and animal survival after continuous RNAi feedings
every 3-4 days (n > 30 animals/sample). (C) Representative live images of whole
animals undergoing tissue failure, anterior left. Sites of epidermal lesions and head
regression are indicated by yellow and white arrowheads, respectively. (D) Survival
curves. Scale bars 200 [im (A), 100[tm (B), 1mm (C).
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Figure 6. Genes Necessary for Colony Expansion and Differentiation are Required
for Tissue Maintenance
(A) Animals fed RNAi food for several weeks were assessed for proliferative cell activity
by fluorescence-activated cell sorting. Numbers of proliferating X1 cells, represented as
a fraction of total live Hoechst+ cells, were normalized to internal RNAi controls. Three
biological replicates were used per time point. Shown are means; error bars denote data
range. (B) Regenerative ability after 14 or 28 days of continuous RNAi feeding. Shown
are head regions, anterior up, seven days after decapitation. Dotted line, approximate
amputation planes. Arrowheads, photoreceptors. (C-E) RNAi animals were assessed
for tissue maintenance defects. (C) Confocal projections from animals after 21 days of
RNAi. Dorsal views of head regions, anterior up. Arrowheads, tissue regression sites.
(D-E) Tissue maintenance and animal survival after RNAi (n = 29-34 worms/sample).
(D) Images after 23 days of RNAi. Anterior, left. Yellow arrowheads, lesions. White
arrowheads, tissue regression and ventral curling. (E) Survival curves. Scale bars 100
lim (B-C), 500 [tm (D).
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Figure 7. RNA-Binding, Transcription, and Chromatin Modifying Factors Regulate
Clonogenic Expansion and Differentiation of Planarian Stem Cells
Genes expressed within the proliferative cell compartment are required for expansion
and differentiation activity associated with clonogenic cells (cNeoblasts). Several of
these genes (e.g. p53, zfp-1, vasa-1) are involved in both proliferative cell expansion
and differentiation.
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Figure S1. smedwi-1+ proliferating cells are specifically depleted by y-irradiation
(Related to Figure 1)
Whole-mount in situ hybridizations of untreated adult planarians and planarians fixed 5
days after exposure to 6,000 rads y-irradiation. Effects of irradiation on proliferating cells
(smedwi-1), nephridic cells (carbonic anhydrase / ca), the muscular pharynx (mhc-1), the
central nervous system (synapsin), and two distinct populations of subepidermal cells
(H.1.3b and collagen) are shown. Animals are anterior up. Scale bars, 200 pm.
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Figure S2. Irradiation-sensitive transcripts are expressed in smedwi-1+
proliferating cells (Related to Figure 2)
Shown are additional genes identified by microarray, analyzed by double FISH with the
gene smedwi-1. Most cells detected by FISH co-expressed smedwi-1; cells with little/
no smedwi-1 gene expression are labeled by arrowheads. Some transcripts (e.g., mrg-
1, rbbp4-1, vasa-2, zf207-1, fhl-1, fgfr-4) are expressed at low levels with background
signal (scattered red dots) also visible. Scale bars, 10 jm.
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Figure S3. Identification of RNAi phenotypes after sublethal irradiation (Related to
Figure 3)
(A) Representative dorsal view of a zfp-1(RNAi) animal 4 days after 1,250 rad exposure,
anterior left. Animal is from the same experiment shown in Figure 3. In addition to
ventral curling (Fig. 3E) and head regression (white arrowheads), zfp-1(RNAi) animals
also developed dorsal epidermal lesions (yellow arrowhead). Scale bar, 500 pm. (B)
Survival curves for animals exposed to 1,250 rads of irradiation after RNAi. Animals are
from the same experiment shown in Figure 3. Vertical lines indicate approximate times
of RNAi feedings; arrows denote the time of irradiation (n = 17-21 animals per sample).
See also Supplemental Table 4.
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Colony 2 Colony 5 Colony 4
Z1 1MNi Donor
Colony 12Co ny1
Donor Transplant Time Before # smedwl-1* # NB.21.11E'
Cell Type Colony # Type Fixation cells cells
Control(RNAi) 1 bulk 10 Days 73 46
2 single cell X1(FS) 9 Days 81 27
3 single cell X1(FS) 9 Days 10 1
4 single cell X1(FS) 8 Days 10 0
5 single cell X1 (FS) 8 Days 27 31
Zfp-1(RNA) 6 bulk 10 Days 5 0
7 bulk 10 Days 6 0
8 single cell X1(FS) 9 Days 2 0
9 single cell X1(FS) 9 Days 11 0
10 single cell X1(FS) 9 Days 15 0
11 single cell X1(FS) 9 Days 5 0
12 single cell X1(FS) 9 Days 15 0
13 single cell X1(FS) 8 Days 3 0
14 single cell X1(FS) 8 Days 3 0
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Figure S4. Analysis of colony RNAi phenotypes (Related to Figure 4)
(A-G) Additional plots of individual colony cell counts following RNAi. (H) Analysis of
the zfp-1(RNAi) colony phenotype by transplantation of RNAi-exposed cNeoblasts
into lethally irradiated (6,000 Rads) non-RNAi host animals. Donor animals were
administered two feedings of control or zfp-1 dsRNA over a seven-day period prior to
transplantation. Host animals were irradiated 3 days prior to transplantation and fixed
8-10 days after transplantation. Representative confocal projections are shown (anterior,
left) of individual colonies produced by transplantation and labeled by double FISH are
shown. Scale bars, 50 pm. Shown is a table of smedwi-1+ and NB.21.11 E+ cell counts
for all colonies observed following transplantations. A total of 75 control(RNAi) and 72
zfp-1(RNAi) transplants (using either bulk macerated cell preps or individual cells) were
performed in order to obtain the 14 colonies listed. 60% (3/5) of control(RNAi) colonies
displayed large numbers of NB.21.11 E+ cells. By contrast, 0% (0/9) of zfp-1(RNAi)
colonies displayed even a single NB.21.11 E+ cell. zfp-1(RNAi) colonies, furthermore,
were much smaller than control(RNAi) colonies. These results suggest that both failed
colony expansion and failed differentiation observed in zfp-1(RNAi) animals are due to
requirement for zfp-1 within cNeoblasts and/or their immediate descendants.
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Figure S5. Phylogenetic analysis of planarian Sox genes
Maximum likelihood and neighbor-joining analyses provide strong support for the
Schmidtea mediterranea genes Smed-soxP- 1, Smed-soxP-2, and Smed-soxP-3 falling
within the SRY-box (SOX) family of transcription factors. Sequences used in this
analysis are well-established representatives of six families of Sox transcription factors
SoxA-F. T-cell factor (Tcf) transcription factor sequences are used as an outgroup.
Maximum likelihood bootstrap values greater or equal to 50 (50%) and neighbor-joining
bootstrap values greater than 500 (50%) are indicated in bold and italics, respectively.
This analysis did not generate strong support for Smed-soxP-1, Smed-soxP-2, or Smed-
soxP-3 belonging to any specific Sox families. Accession numbers for sequences
used are listed in the tree. Mm, Mus musculus; Hs, Homo sapiens; Ce Caenorhabditis
elegans; Dm, Drosophila melanogaster, Nv, Nematostella vectensis; Ct, Capitella teleta;
Smed, Schmidtea mediterranea.
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Figure S6. Assessment of regeneration ability following Smed-zfp-1 and Smed-
vasa-1 RNAi (Related to Figure 6)
(A) Intact animals were fed RNAi food 4 times over 7 days prior to amputation. Shown
are representative animal head regions from RNAi animals 7, 10, and 16 days following
decaptiation. Anterior, up (n = 20-30 amputated animals per sample). Red dots indicate
approximate amputation plane. Successful formation of regenerative blastemas was
followed by regression of head tissues (arrowheads). Scale bars, 100 pm.
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Table Si
Mean Lo2 Rao lrradw I Untreed ad. P-value (FDR) (-adied I Untated) Top Human Top Human
ProbeName hrlUntreaed 1hrlntreated -hrArted 4hrlntreaid hrlUntreAted 12hrAntreuted 2 -hrted 48hrlUntreated BatX symbol Blastx E-value
1 SMED1626V2_1 -0.19580662 -0.430514158 0.06893772 0.004442528 TUBA1A 0
2 SmWOct 0_100020 -0.505696522 -0.539533211 0.034885064 0001130401 PlWL1 2E-69
3 SmWIOct6 100024 -0.469212265 -0.550173659 0.02818414 0.002344244 PIWL1 2E-69
4 SMED_0686V21 -0.237526883 -807460037 0 0.023548684 ARMC1 1E-13
6 SmWOctO6_100018 -0.36880385 -0,480765002 0.042764266 0.000489388 PlWL1 2E-69
6 SmWlOctO6_100023 -0.512655377 -0528274851 0032510604 0.000978984 PIWL1 2E-69
7 SMED_24237_V2_1 -0.240530233 -0.53974701 0.020846903 HISTIH2AK 3E-26
8 SMED_2834_V21 -0.272706437 4845058452 .001111 0.012351786 RNF8 6E-11
9 SmWOctO6 100019 -0.498866435 -0.538429697 0.032125572 0.000931783 NA NA
10 SMED_29717_V2_1 -1.155835694 -1,406119091 0.003295865 0.030871835 CDCA2 0.0000001
11 SMED_01384_V21 -0.307075413 -0.361391442 0.00089973 0.066384022 0.001355856 PlWL1 2E-69
12 SMED_04546_V2_1 0.017103925 -0.061874944 0.782587989 0.059849487 0.000575298 DUT 1E-51
13 SmWIOct06_100022 -0.353305778 -0.454909756 0.000383321 0.052374952 0000593935 PlWIL1 2E-69
14 SMED_04745_V2_1 -0.5304759 -0,728861206 0.008741871 0.001240882 MTFR1 0.048
15 SMED_04206_V2_1 -0 179181219 -0.407560773 00 0.392986 030368229 0.001641881 PRDX2 6E-68
16 SmWOctO6_023556 .2 4i#(O . 0.025483203 NA NA
17 SmWiOctO6_038232 .-0171935223 -0.647185351 0.004688694 0.01409624 0.000829311 ORC4L 5E-38
18 SMED_05209_V2_1 -076844184 -0.710342896 0.004711378 0.00051089 RBBP4 2E-52
19 SMED_24793_V2_1 -0.094605755 -0.393642065 0.042786423 0.042845704 0 000859979 PRDX1 5E-24
20 SMED_24356_V2_1 0.120119019 -0.048923363 0.078085386 0.772127172 O.000283239 DUT 1E-19
21 SMED_25331_V2_1 -1.548694882 -1.319716801 0.018659 0.000236792 ERCC6L 1E-126
22 SMED_28943_V2_1 -0.243533475 -0354136037 0.007646362 0.072308542 0000465465 LMNA 1E-24
23 SMED_02599_V2_1 -0.061141447 -0 170763891 0.18459185 0.214877832 0.001221851 PCNA 3E-90
24 SmWIOct16_014491 -0.354566868 -0.492234855 1 0.017437633 0.051509308 PlWIL1 2E-69
25 SMED_14575_V2_1 -1.250288503 -1.594988375 -00123517a6 NA NA
26 SMED_02252_V2_1 -0.531761452 -0.618121816 0.007133523 0.001069513 PRIM2 7E-98
27 SMED_08941_V2_1 -0.902516062 -1.50610182 0.018131407 0.000736452 WRN 3E-24
28 SMED_23329_V2_1 -0.203437792 -0.607929736 220535 0.0334828 CDC2 2E-57
29 SMED_30280_V2_1 -0.279974972 -0.68406591 0.000795167 0.017760272 CDC2 1E-54
30 SMED01064_V2_1 0.039021446 -0,06939068 0.409297806 0.524303134 0002249611 TRAF6 0.0000001
31 SMED_11833_V2_1 -2 3B904 -- - 0.0001246 0.00022e193 SOX13 2E-13
32 SmW1OctO6 036167 506044394 -044027737 000317451 0.024284963 0.000562164 MCM3 0
33 SMED_02486_V2_1 -0.821664889 -0.527204375 0 06821605 0.000633418 MCM2 0
34 SMED_08243_V2_1 -1.17312576 -1.301816398 0.00136911 0.000596573 TNRC4 1E-58
36 SmWOctO6_033228 -0.38612603 -0.332706469 0.000377077 0.067663881 0.001460488 MCM4 0
36 SMED_04831_V2_1 -0481165512 -0.667650784 0009712302 RPSA 5E-63
37 SmWOct6 036497 -1.148120994 -0979552145 0.001635852 0,002296015 PRIM1 6E-60
38 SMED_21206_V2_1 -0.252791178 -0.618971801 - 001079 0.013884 ORC4L 5E-38
39 SMED_35246_2_ -0.443952716 -0738143138 0.064776131 0.207566947 - 0 000872209 MYH9 9E-11
40 SMED26316_V2_1 -0.192806185 -0.65526296 0006901 0.0176426 ORC4L 2E-10
41 SmWlOctO6 026381 -1243028294 -1.402362753 0.00061115 0.001007266 TNRC4 1E-58
42 SMED 04153_V2_1 -0 0337239865 -0.160078491 0.44947887 0. 314092931 0.000592265 H2AFJ 2E-42
43 SMED_11833V22 -2.16_2 13ti -2.10759591 0.0004684 0.0024102 SOX13 2E-13
44 SmWnlOct6 009256 -0299686105 -0.374195467 0.00054913 0.026297329 0.000454457 MCM5 5E-168
45 SMED_32947_V2_1 -0.42331454 -0.648508334 - di i 1 0.006530241 0.000446637 PRIM2 4E-15
46 SMED_05169V2_1 -0.23605394 -0.418732998 0.000471226 0.021033127 0.031578031 NA NA
47 SMED_04028_V2_1 -0.433238733 -0.322741988 0.000456239 0.061655454 0.00297997 MCM4 0
48 SMED_05273_V2_1 -1.59402386 -1060707619 0.005908169 0.001876303 NA NA
49 SmWOctO6 021000 -0731818918 -0.374640404 .0313 127752272 0.00055233 MCM2 0
560 SMED00734_V2_1 -0.42464704 -0.392821946 0.000437357 0.025823294 0.001006552 MCM3 0
51 SMED20971__1 -0.475184814 -0.771458201 0022143919 0.000358031 STK33 4E-28
52 SMED20741_V2_1 -0.549560151 -0.971902326 WHSC1 6E-24
83 SMED_00943_iV21 -0.344061324 -0.325912808 - 0001033129 0.039585199 0.000452797 MCM5 5E-168
54 SMED_02069_WV2i -0.019089867 -0.212493958 064110012 0.128801539 0.00116426 NA NA
55 SmWlOct6105002 -1.03135066 -1.019592801 0.002105217 0.004376334 TNRC4 1E-58
56 SMED 11330 V2.1 -0.875139062 -1.306519963 0.017256125 M MCM 3E-39
07 SMED_10963_V2_1 -1.532982444 -0.94158742 0.013212634 0.000550558 CGN 0.0005
88 SmWlOct6_10006 -0.986227774 -1.068505869 0.00283407 0.00740529 TNRC4 1E-58
59 SmWOctO6 038417 -0.351794784 -047289024 0.01495716 0.000594258 NA NA
60 SMED_34561_1i -0.574765896 -0.40526215 0.031006943 0.011314599 MCM7 1E-93
61 SME003124_V2_1 -0.038343554 -0283193415 0.545645788 0.080566301 0.000586415 RAD51 2E-148
62 SMED_04043_V2_1 -0.512340599 -089428022 0.004653279 0.001020373 CHEK1 9E-14
63 SMED05867V21 -0.084194256 -0.474507929 0153459722 0.02263 DCTD 3E-47
64 SMED_28958_V2 -0.07001227 -0.488120772 0.222051256 0.028003104 ORC2L 3E-17
69 SMED_10009_V2_2 -0216484523 -0.530985619003202986 0.040389744 TRAF4 0.00000003
66 SMED_33625_WV21 -0.142896009 -0.3340682 0.034222079 0.032125572 0-001756962 TUBA3E 0.000005
67 SmWlOctO6_014611 -0.259004844 -0.598313433 0.0039615685 0034781525 CDC2 2E-57
68 SMED 27054 V2_1 -0.615411435 -052037998 00020 0.019523773 WEE2 3E-19
69 SMED_21037_21 -0.187793302 -0.537020731 0.003595885 0.044513129 REEP2 2E-33
70 SMED_04206_V2_2 0.12368414 -0.181389783 0.037856826 0.18617289 PRDX2 6E-68
71 SMED_16452W1 -0.914602483 -0.609683507 0.0081617 0.000401782 TOPBP1 3E-18
72 SMED_02149_V21 -0.335188849 -0.298490857 0.000576860 0 06585122 0008101815 KPNA3 4E-92
73 SMED_02093_W 1 -0.493366395 -0.407447642 0.02219186 0.003351144 MCM7 0
74 SMED_02978_V2_1 -0.80225128 -0.782851775 0.0013101 RBBP4 1E-79
75 SMED_19200_ V21 0.173821484 0.137435612 0.02431164 0.251127321 NA NA
76 SMED_05200_V21 -0.948224564 -1.353952148 0,012396W9 HIST2H3D 1E-70
77 SMED_14055V21 -0.716055018 -0.589783329 0.017407291 .003 CDC16 7E-48
78 SmWOct6 041568 -0.26082776 -0.210018577 -0000953445 008624385 0.001020373 MCMS 5E-168
79 SMED_09394_V2_1 -0.027977231 -0.399110978 0.511325583 0.09216875 CKS2 7E-29
80 SMED05855v271 -0 825927518 -1.546541&97 0.0192549 SFRS1 2E-26
81 SMED_17522_V2 1 -1.5042685555 -1.8400 46 0.018300464 SLITRK1 0.016
82 SMED_34800_V2_1 -0 730254246 -540867061 0.019254489 CDC16 3E-38
83 SMED 07069 V2_1 -0.164816172 -0.447495921 0.0528173S4 0.046644932 DRAP1 0.0000004
84 SMED703674_V2_1 0.056439095 -0.067666764 0.476952883 0.579430149 H2AFZ 3E-53
85 SMED_09673V21 -0.871255839 -0.685982467 000924331 0.000484737 NA NA86 SmWIOctO6_001714 -1.267219416 -1.%912 35 0.0079537a2 LTA4H 1E-50
87 SMED_08782_V2_1 -0.579396208 -1.246714739 0.0160167 MDH1 1E-41
88 SrWlOct6 100004 -1.170666614 -1.005207923 -. 007932953 0.003721559 NA NA89 SMED_3175_2_1 -0.645047352 -0.610105749 -0.00923024 0.00033974 ORC3L 4E-15
90 SMED 12638,_V21 -0475192605 -0.812494668 .272242 NA NA
91 SMED_13275_WV21 -1.436651171 -0.930688798 0.01876689 TOP2B 5E-144
92 SmWlOct06 100008 -1.148357788 -1.001488131 0.00698299 0.003651241 NA NA
93 SMED_10009_V2_1 -0.093165351 -0.375231476 0.065141349 TRAF4 0.00000003
94 SMED_29032_V2_1 -0.969108085 -0.591181804 0 21593785 0.0067224 KIF4B 6E-119
99 SMED_2900V21 -0.830777927 -0.880281013 0.013792029 0.000317803 PRIM1 5E-60
96 SmWlOct06 034731 -0254074115 -0.469984362 03 0,020202173 0.000485981 NA NA
97 SMED 0594W6_V21 -0.403925457 -1.035780939 - 0 4 02945359 GAPDH 3E-123
98 SMED_00510 V2_1 -0.212915075 -0.398297835 .00016298 0037136587 0.0003763 RRM2 3E-117
99 SMED_03255_W 1 -1.01056748 -1.03481981 0- 001223251 1 EIF3C 7E-119
100 SmWMOct06_040386 -0.376051 -0.307661301 209403 0.044568573 0.0009025 MCM3 0
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Figures
Table S1. Expression profiles of genes differentially expressed 24 hours after
6,000 rads y-irradiation (Related to Figure 1)
Statistical analysis of microarray data was performed with the limma package of
Bioconductor (See Methods). Differentially expressed genes were designated based
on comparisons between untreated and 24-hour irradiated samples; tabulated are the
top 100 of 578 genes which displayed significant changes (fdr-adjusted p < 0.05) and
a two-fold or more change in expression. Shown are log2-transformed values of mean
intensity ratios (irradiated/untreated) and adjusted p-values for all irradiation timepoints
(6, 12, 24, and 48 hrs). Genes are ranked by log2 ratios determined for the 24 hour
timepoint. Color gradations scaled with log2 scores and p-values. For each gene, the
most similar H. sapiens protein (determined by BLASTx) is listed. Complete microarray
data are availabe in GEO, accession number GSE34969.
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-0,71315175 -1.7777117 0 0.008807067
-0.75098026 -1.6877774 0 0.039085653
-0.69321775 -1.6499338 0 0.044717517






























































Table S2. Gene set enrichment analysis (GSEA) of irradiation-sensitive transcripts
(Related to Figure 1)
Gene set enrichment analysis was performed with javaGSEA using default settings (see
Methods). Listed are Biological Process (BP), Molecular Function (MF), and Cellular
Component (CC) Gene Ontology gene sets significantly enriched (fdr-adjusted p <0.05)
in a gene list pre-ranked by 24-hour microarray log2 ratios (irradiated/untreated) and
annotated by most similar (BLASTx) human symbol. Tabulated for each gene list
are Gene Ontology (GO) term names, gene set size, enrichment scores, normalized
enrichment scores, nominal p-value, and fdr-corrected p value. See Subramanian et al.
(2005) for further details on the GSEA method.
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Table S3







Gene Name Probe Base Name Top Human BLASTx Hit(Gene Symbol) [E-valuel
Smednrlf SMED_31964_V2 mortalty factor 4 ike 1
(MORF4L1) 1e-18]
Smec-nsd-1 SMED_20741_V2 Wolf-Hirschhom syndrome candidate 1
(WHSC1) [6e-24]
Smedrobp4-1 SIMED_02582_V2 retinoblastoma binding protein 4
(RBSP4) (20-71]
Smed-eed-1 SMED_00806_V2 embryonic ectoderm development
(EED) [9e-82
Smed-ezh SMED_04593_V2 enhancer of zeste homolog 1 (Droeophla)
(EZHI) [3-57)
Smedszf2-1 SMED_28607_V2 suppressor of zeste 12 homolog (Drosophila)
(SUZ12) (8e-25]
Smed-ses@-1 SMED_06179_V2 SET domain containing (lysine
methyllransferase) 8 (SETD8) [4e-39
Smed-vasa-1 SMED_00256_V2 DEAD (Asp-Gilu-Ala-Asp) box polypeptide 4
(DDX4) [3e-111]
Smedvasa-2 SMED_01829_V2 DEAD (Asp-GIg-Ala-Asp) box polypeptide 4
(DDX4) 12&-00]
Smad-khd-f SMED_01038_V2 KH domain containing, RNA binding, signal
transduction associated 2 (KHDRBS2)
[4e-27
Snodecip2 SMED_10768V2 cytolrne induced protein 29 kDa (CIP29)
[10-15Smed-rtel SMED_13828_V2 regulator of telomere longation heticase I
(RTELI) [5e-38]
Saed4nr-f3 SMED_2857S_V2 pannexin 1 (PANX1) [0.025)
Smeaznyn- SMED_02942_V2 zinc finger, MYM-type 2
(ZMYM2) [8e-35
ymed-n2W-1 SMED_05644.2 zinc finger protein 207
(ZNF207) [1&-2
Smead-thl-I SMED_12559_V2 four and a half LIM domains 3
(FHL3) [1e-56
Snednprx-i SMED_26251_V2 prospero homeobox 1
(PROX1) 2e-28
Smeadtcff5 SMED_02941_V2 scleraxis homolog A (mouse)
(SCXA) [7e-14]
SmedsoxP- SIMED_11833_V2 SRY (sex detenmining region Y)-box 13
(SOX13) {2e-13]
SmedwsoxP-2 SMED_25793_V2 SRY (sex determining region Y)-box 12
(SOX12) [1e-09]
SmedsoxP-3 SMED_05061_V2 SRY (sex determining region Y)-box 9
(SOX9) [3-18]Smedzfp-f SMED_10510_V2 zinc finger protein 701
(ZNF701) [ie-13
Smed*urI& SMED_21705_V2 transcriplion factor AP4
(JUN) [0.0604
Smed-egr-1 SMED_00244_V2 early growth response 2(Krox-20 homolog,
Drosophila) (EGR2) (10-25
Ssmeddk-I SMED_08795_V2 nermo-like inase (NLK) [3.-5]
Smed-armcf SMED_06686_V2 armadillo repeat containing 1
(ARMC1) [1e-13]
Smedgfr.1 SMED038138_V2 fbroblast growth factor receptor I
(FGFR1) 8e-341







candidate I (human) 15e-241




enhancer of zeste homolog 1
(Drosophila) (10-58]
suppressor of zeste 12 homolog
(Drosophila) [8e-25]











regulator of telomere longation
heficase 1[2e-391
pannexin 110.011
zinc finger, MYM-type 3
[4e-35]
zinc Inger protein 207
[0e-53]





SRY-box containing ene 13
120-131
SRY-box containing ene 12
[1e-09]
SRY-box containing ene 9
[3-18]
zinc finger protein 341
[3e-1 4]
transcription factorAP-1 [0.00011
early growth response 2
[10-25]
nemo Ike Idnase [2e-S4
armadillo repeat containing 1
[4e-13
fibroblast growth tecor receptor 1
[7e-34]fibroblast growth factor receptor 4
[2e-37]




Chromatin assembly factor I subunit
[Se-711
esct [4e-80]













cousin of atonal [5e-06]
Sox box protein 14 {5e-13]
Sox1008 [5e-10]















VEFS-Box (of Polycomb protein) [2.7e-17]
SET [2.1e-18
DEAD/DEAH box (9.6e-44]; Heficase
(conserved C-terrinal domain) [3.2e-261
DEADEIEAN box helicase [1.7&44);





DUF3504 (unknown function) [3e-14
zfC2H2Jaz [0.011]; zf-FCS [0.0471
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Figures
Table S3. Homology of genes expressed in proliferative cells of Schmidtea
mediterranea (Related to Figure 2)
Annotations for microarray candidate genes validated by in situ hybridization (Fig 2).
Gene names, descriptions, and E-values are tabulated for top BLASTx matches of
candidate genes in H. sapiens, M. musculus, D. melanogaster, and C. elegans. Protein
domains identified by PFAM are also listed.
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Table S4. Identification of RNAi phenotypes after Sublethal Irradiation (1,250
Rads) (Related to Figure 3)
Quantitative analysis of RNAi phenotypes identified after sublethal irradiation (See also
Figs. 3 and S3). Listed are results for genes without major RNAi phenotypes, in addition
to those depicted in Fig. 3. Percentages of animals showing visible defects in tissue
homeostasis (e.g., head regression, ventral curling, lesions, or lysis) by day 21 post-
irradiation are listed. Also listed are percentages of animals that died by day 42 post-
irradiation. All other animals appeared normal, and showed no signs of tissue failure.
Total numbers of animals analyzed per condition are also noted. Results for each RNAi
condition should be compared to those of internal control samples. Control animals in
Experiment 111, for example, developed early signs of head regression and curling but
subsequently recovered and nearly all survived past day 42 post-irradiation.
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Table S5
Numbers of Cells per Colony Analysis of Cell Type Ratios
Associated # smedwi-1* cells (d7) # smedwi-1* cells (d14) # NB.21.11 E*cells (d7) # NB.21.11 E cells (d14) smedwi-1 / NB.21. 11E (d14)
RNAj condition Control Mean St.Dev t TEST Mean St.Dev t TEST Mean St.Dev t TEST Mean St.Dev t TEST Ratio of Means ANCOVA
smedw-2 I 10.8 9.5 0.6112 n/a n/a n/a 3.2 2.8 0.1232 n/a n/a n/a n/a n/a
smedwl-3 1 13.1 12.7 0.8054 3.3 3.4 0.0008 4.5 3.2 0.8299 0.9 1.5 0.0047 3.8 0.927
brull I 9.6 6.0 0.2976 17.8 16.8 0.0016 3.9 3.2 0.5091 4.1 4.0 0.0065 4.3 0.3702
CHD4 1 21.1 14.9 0.0457 108.3 84.9 0.3039 3.8 2.5 0.3242 8.9 9.0 0.0107 12.2 <0.0001
p53 I 11.4 9.7 0.7650 19.9 13.8 0.0018 0.0 0.0 <0.0001 0.0 0.0 0.0044 undef n/a
rppO I 4.4 5.1 0.0025 1.7 0.6 0.0007 0.5 0.9 <0.0001 1.0 1.0 0.0048 1.7 0.9699
cdc23 1 21.0 22.5 0.0958 2.8 2.1 0.0007 5.9 7.0 0.4719 0.0 0.0 0.0044 undef n/a
rpal 11 11.7 5.4 0.7942 n/a n/a n/a 3.8 1.9 0.7719 n/a n/a n/a n/a n/a
cycInLf II 8.2 4.2 0.0889 1.0 0.0 0.0002 3.8 1.7 0.8512 0.0 0.0 0.0022 undef n/a
c1p29 I 13.1 9.5 0.7789 13.9 16.3 0.0013 5.5 6.1 0.6181 2.1 2.7 0.0054 6.6 0.2905
soxP-1 1 15.7 14.4 0.4999 57.3 28.4 0.0139 4.2 4.1 0.7477 19.5 10.7 0.0310 2.9 0.142fM-1 1 18.6 11.9 0.0426 34.1 35.8 0.0039 4.4 3.7 0.7495 8.4 7.3 0.0101 4.0 0.02527
zfp-1 I 21.0 18.0 0.0514 26.3 22.9 0.0025 1.7 3.2 0.0042 0.02 0.2 0.0044 1077.0 <0.0001
vase-I I 16.5 17.6 0.4171 55.8 60.2 0.0132 4.9 4.9 0.8725 10.8 16.1 0.0130 5.1 <0.0001
setd8-1 1i1 8.8 5.2 0.7764 n/a n/a n/a 3.0 2.3 0.6725 n/a n/a n/a n/a n/a
zmynwi 1i 8.8 5.4 0.7828 3.2 1.5 <0.0001 3.6 2.2 0.2018 0.8 0.8 <0.0001 3.9 0.917
khd-1 111 9.3 4.5 0.9678 19.3 12.4 <0.0001 2.5 1.8 0.8447 3.6 3.4 <0.0001 5.4 0.1935
Junf1 IV 5.3 1.6 0.0003 31.7 19.8 0.0009 1.8 0.8 0.0016 12.6 9.6 0.0006 2.5 04051
sz12-1 IV 8.0 5.4 0.0381 45.7 40.7 0.0054 3.6 1.5 0.1565 15.8 13.9 0.0019 2.9 0.8295
eed-1 IV 9.1 5.5 0.0873 43.0 35.1 0.0041 4.5 3.8 0.7529 20.9 20.1 0.0193 2.1 0.1181
ezh V 7.4 1.7 0.0501 31.6 16.8 <0.0001 5.2 1.3 0.9176 11.4 6.5 <0.0001 2.8 0.2609
control I 12.3 10.7 152.8 112.4 4.7 4.0 63.9 61.9 2.4
control li 11.2 6.7 128.4 43.7 3.7 2.5 45.1 23.4 2.8
control III 9.4 7.8 108.8 61.0 2.6 2.2 36.5 23.8 3.0
control IV 12.5 8.7 111.8 66.6 4.9 4.3 43.3 24.3 2.6
control V 11.2 8.5 105.3 66.1 5.1 4.9 54.5 38.9 1.9
Numbers of Cells per Colony Analysis of Cell Type Ratios
Associated # AGAT-1* cells (d7) # AGAT-1* cells (d14) smedwi-1 I AGAT1 (d14)
RNAi condition Control Mean St.Dev t TEST Mean St.Dev t TEST Ratio of Means ANCOVA
CHD4 I 0.7 1.0 0.2291 0.0 0.0 0.0018 n/a <0.0001
p53 1 0.2 0.4 0.0010 0.0 0.0 0.0018 n/a 0.0794
zfp-1 1 1.2 1.5 0.8064 0.0 0.0 0.0018 n/a <0.0001
vasa-1 1 2.5 2.3 0.0547 11.0 13.8 0.0165 5.1 0.0077
control I 1.1 1.4 36.4 30.9 4.2
......... . .. ....... . .......... ..........   .............................  ..  .............. I ... .... 
Figures
Table S5. Statistical analysis of colony RNAi phenotypes (Related to Fig. 4)
For all quantitative clonal analyses, each experimental condition was compared to
an internal RNAi control in which animals were cultured, irradiated, fixed, stained and
analyzed in parallel. Tabulated are mean and standard deviations for smedwi-1+,
NB.21.11 E+, and AGAT-1+ cell counts for all timepoints and RNAi conditions. Listed are
p values from a Student's t-test (2-tailed) comparing cell counts at each timepoint to
respective internal controls. Relative ratios of mean population sizes (per colony) were
also assessed (see right). To determine whether cell type ratios significantly deviated
from those of control colonies, linear regression together with analysis of covariance
(ANCOVA, an f-test statistic) was performed using Graphpad Prism. Resulting p values
are listed. Conditions in which no colony cells were present are denoted by "n/a". Tests
resulting in significant differences from controls (p < 0.05) are highlighted in bold.
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Chapter 3: Genetic Regulators of a Pluripotent Stem Cell System
Materials and Methods
Planarian Culture and Irradiation
Schmidtea mediterranea asexual strain CIW4 was maintained as described (Newmark
and Sanchez Alvarado, 2000). Animals were starved in the presence of Gentamicin
(Gibco) for seven or more days prior to irradiation experiments. Individual irradiation
experiments used size-matched animals with identical feeding and culturing histories.
Irradiation was delivered to animals at 79-82 rads/min using dual Gammacell-40 137
Cesium sources. Irradiated animals were maintained on Gentamycin in Petri dishes in
the dark; water and dishes were changed every 3-4 days.
Microarray Analysis
Total RNA was harvested with Trizol (Invitrogen) from untreated animals and animals
6, 12, 24, and 48 hours after 6,000 rads y-irradiation. Three biological replicates were
used. Cy3 and Cy5-labeled cRNA was prepared using a QuickAmp labeling kit (Agilent)
starting with 1 pg total RNA. Custom planarian 60-mer 4x44,000 oligonucleotide
expression arrays (Agilent) were hybridized according manufacturer instructions and
scanned using an Agilent DNA microarray scanner. Array images were quantified
and statistical significance of differential expression was calculated using Agilent's
Feature Extraction Image Analysis software with the default two-color gene expression
protocol. Agilent two-color arrays were within-array normalized by loess, followed by
between-array quantile normalization of average intensities across channels (Aquantile).
Differential expression analysis was performed with a moderated t-test, as implemented
in the limma package of Bioconductor, with p-value correction by false discovery
rate. Genes were considered differentially expressed if they met a corrected p-value
threshold of 0.05 and displayed greater than two-fold change in expression (log2 ratio >




Gene Set Enrichment Analysis
GSEA was performed as described (Subramanian et al., 2005) using javaGSEA. A
gene list annotated by top human BLASTx gene symbol and pre-ranked by log2 ratios
(24 hour irradiated / untreated) was analyzed by Gene Ontology (GO) gene sets
(GO:molecular function, GO:biological process, and GO:cellular component) using
default settings. Gene sets were considered significantly enriched if they met an fdr-
corrected p-value threshold of 0.05.
Gene Cloning
Molecular clones of candidate gene sequences were obtained from existing EST libraries
(Robb et al., 2007; Sanchez Alvarado et al., 2002) and by direct cloning from cDNA.
cDNA libraries were generated with Superscript Ill reverse transcriptase (Invitrogen)
from total RNA extracted (Trizol, Invitrogen) from mixed-stage regenerating animals.
Gene-specific primers were designed from gene predictions and EST databases (Robb
et al., 2007) and contained Gateway adapter sequences for downstream applications
(see below). Amplicons generated by PCR were cloned into the pGEM vector (pGEM
T-easy, Promega). In some cases, a second (nested) round of amplification was
performed to obtain PCR products for cloning. Templates for RNA probe synthesis
were generated by PCR using primers recognizing Gateway adapter sequences with
a T7 promoter sequence appended to the reverse primer. For RNAi experiments,
Gateway recombination (Invitrogen) was used to clone genes into the pPR244 vector, as
described (Reddien et al., 2005a). For many genes, putative full-length transcripts were
also assembled de novo from Illumina reads with the Trinity software package (Grabher
et al., 2011) using default settings. Resulting contigs were mapped to the current version
of the genome by BLAT and were compared to the Bowtie mapped reads to verify
the assembly. Contigs for some genes were assembled from existing published EST
sequences, or by performing 5' and 3' Race (FirstChoice RLM-RACE, Ambion).
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Phylogenetic Analysis
Peptide sequences for Smed-soxP- 1, Smed-soxP-2, Smed-soxP-3 were aligned
with well-known members of Sox family transcription factors using ClustalW with
default settings (Thompson et. al., 1994). Alignments were trimmed using GBlocks
(Castresana, 2000). Neighbor-joining trees were generated using ClustalW using
default settings and 1,000 bootstrap replicates. Maximum likelihood analyses using 100
bootstrap replicates were run on each alignment using PhyML with WAG model of amino
acid substitution, four substitution rate categories, and the proportion of invariable sites
estimated from the dataset (Guindon and Gascuel, 2003). Maximum likelihood bootstrap
values greater or equal to 50 (50%) and neighbor-joining bootstrap values greater than
500 (50%) are indicated in bold and italics, respectively.
Histology
RNA probes were in vitro transcribed by T7 polymerase (Promega) using DIG-, FITC-
(Roche), or DNP- (Perkin Elmer) modified ribonucleotides. Probes were purified by
ethanol precipitation with 7.5M ammonium acetate and resuspended in deionized
formamide. Tyramide-conjugated fluorophores were generated from AMCA, Fluorescein,
Rhodamine (Pierce), and Cy5 (GE Healthcare) N-Hydroxysuccinimide (NHS) esters as
reported (Hopman et al., 1998). Whole-mount in situ hybridization were performed as
described (Pearson et al., 2009). For double/triple color fluorescence in situ hybridization
(FISH), HRP-inactivation was performed between labelings in 4% formaldehyde, 45 min.
Microscopy
Light microscopy images were collected with an AxioCam HRc using a Zeiss SteREO
Discovery.V8, and Axiovision software. Fluorescence microscopy was performed using
an AxioCam HRm on an Axio Imager Z1 using Zeiss Axiovision software, or a Zeiss LSM
700 confocal microscope using Zen software. Double-positive cells were assessed in
188
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single confocal planes. Other images (see Fig. legends) were constructed by overlaying
z-stacks of multiple optical sections.
RNAi
Gene inhibition by RNAi was performed by feeding intact animals beef liver paste mixed
with E. coli expressing dsRNA for the gene of interest. Genes were cloned into the
pPR244 vector insert site (flanked by dual inducible T7 promoters) and transformed into
HT115 strain as described (Reddien et al., 2005a). Cultures were grown at 370C to an
OD 600 of approximately 0.4 and induced with 1 mM IPTG for 2 hours. Bacterial pellets
were resuspended in 66% homogenized beef liver paste (in water) at 1/3 00th the volume
of the initial bacterial culture. Negative control experiments were performed with RNAi
food derived from unc-22 (C. elegans), a gene lacking significant nucleotide similarity to
sequences present in the Schmidtea mediterranea genome.
Single-Colony Analysis
Doses causing 30-50% of irradiated animals to lack any colony were optimized, such
that single or sparse colonies were examined in the remaining animals. Here, 1,750
and 1,500 rads were used for 2-4mm and < 2mm animals, respectively. In typical
control experiment using 1,750 rads, 42% (50/118) of animals completely lacked dividing
cells, 31% contained a single colony, and 26% contained 2 or more colonies, many of
which were separated by hundreds of microns in host tissue. Colonies that merged
or were in close proximity (<50-1 OOpm) were not analyzed. Ratios of proliferative to
post-mitotic cells in colonies were assessed by linear regression (best-fit slope and
95% confidence intervals). Student's t-test (two-tailed, unequal variance) was used to
determine significant changes in cell population sizes. Analysis of covariance (ANCOVA)
was used to test for significant changes in cell type ratios (relative to control RNAi
ratios) by comparing slopes of linear regression lines fit to day 14 colony data plots (see
Supplemental Table 5).
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Fluorescence-Activated Cell Sorting
Tissue fragments were macerated in calcium-free, magnesium-free medium plus BSA
(CMFB) as described (Reddien et al., 2005b) containing 1 mg/mI of collagenase for 45
minutes at RT. Tissues were passed through syringes with 25 gauge 5/8 inch needles
and through a 40 pm cell-strainer cap (BD Biosciences). Cells were centrifuged at 1,250
rpm, 5 min, and resuspended in CMFB containing Hoechst 33342 (Invitrogen, 10 mg/
ml) for 45 minutes at RT. Calcein (Invitrogen, 0.5 mg/ml) was incubated with the cells for
15 minutes at RT. 5 mg/ml propidium iodide was added to cells prior to flow cytometry.
Sorts used a MoFlo3 FACS sorter. The X1 population (Hayashi et al., 2006) was
assessed and quantified in triplicate using FlowJo software as described (Scimone et al.,
2010).
X1(FS) Cell Collection
Animals were starved for at least seven days prior to harvesting. For control cells,
animals were macerated in 1.0 mg/ml collagenase (Sigma) and 0.3 mM N-acetyl-L-
cysteine (Sigma) for 1 hour and labeled in 0.4mg/ml Hoechst 33342 (Invitrogen) for 45
minutes. For transplant cells, animals were macerated in 1.0 mg/ml collagenase and 0.3
mM N-acetyl-L-cysteine for 20 minutes. The X1 population from Hoechst-labeled control
cells was used to define the forward scatter/side scatter gate. Cells were sorted with a
Dako Cytomation MoFlo sorter.
Single Cell Transplantation
Animals to receive transplants were starved in the presence of Gentamicin for at
least seven days prior to onset of experiments. Three days prior to transplantation,
irradiation was delivered to animals at 79-82 rads/min for 76 minutes. Cells collected
by flow cytometry were loaded at low density onto glass cover slips treated with 2%
dimethyldichlorosilane (Sigma) in chloroform. Individual cells were selected based
on morphology with 1 Ox magnification and loaded by mouth pipetting into the tip of
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pulled borosilicate glass microcapillaries (Sutter) treated with 0.1% polyvinylpyrrolidone
(Sigma). Loaded cells were injected into the post-pharyngeal midline of cold-
immobilized animals at 1.5-2.5 psi (Eppendorf FemtoJet)..
Accession Numbers
Raw microarray data are deposited in GEO, accession number GSE34969. Full-
length sequences of genes cloned for this study are deposited in Genbank, accession
numbers JQ425133-JQ425160. Additional candidate genes with associated EST
clone names and Genbank accession numbers are Smed-rbbp4-1 (clone H.87.8a;
accession number AY066201.1),Smed-setd8-1 (accession numbers PL06004A2H08,
PLO6005A2B11, and PLO6007A1 C07), Smed-khd-1 (H.62.2h; AY068551.1), Smed-
zmym- 1 (SAAH-aaa29cO1, EG409125.1), Smed-znf2O7-1 (H. 118.1 c, AY067556. 1),
and Smed-nlk-1 (H.118.1c, AY067556.1). Cell cycle genes with deposited RNAi clone
names and accession numbers are Smed-cyclinL1 (NBE.2.09B, AY967575.1), Smed-
rpA 1 (NBE.6.12e, AY967663. 1), Smed-rplpO (NBE.7.7g, AY967679. 1), and Smed-cdc23
(NBE.4.10b, AY967619.1). Accession numbers for additional genes used in this study
are DQ1 86985.1 (smedwi-1), EG413862.1 (mat), EC616347 (carbonic anhydrase / ca),
EC386316 (mhc-1), AY067773 (synapsin), AY067799 (H.1.3b), DN308230 (collagen).
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I. The Role of Pluripotent Cells in Homeostasis
and Regeneration of Adult Tissues
Identification of Pluripotent Adult Stem Cells in Planarians
Although assertions of pluripotency for adult stem cells (neoblasts) have long
been championed in the planarian research community (Wolff, 1962) alternative
explanations - such as the collective activity of multiple stem cell types - have up to
now been equally valid. This work introduces the first methods for clonal analysis of
individual planarian stem cells, and with them, the first attempts to address the question
of stem cell potential experimentally. Evidence presented here indicates that, in contrast
to the case for vertebrates (amphibians, fish, and mammals), individual planarian stem
cells can generate diverse cellular descendants and can - at the single cell level - give
rise to all cells present in the adult body.
While single colony analysis can facilitate investigations into some aspects
of cNeoblast biology (notably their existence and their capacity to produce cellular
descendants) still very little is known about the cNeoblast itself. For example, do
cNeoblasts constitute the majority of the smedwi-1+ population, or are they a relatively
rare cell type? Is clonogenicity determined intrinsically (e.g., by expression of particular
genes), or is it determined extrinsically (e.g., by the position of a neoblast within a
stem cell niche)? If cNeoblasts are specified intrinsically, can markers be identified to
distinguish clonogenic smedwi-1+ cells from those that are non-clonogenic? Currently
the only means of identifying cNeoblasts is retrospectively, by the presence of a colony.
By the time a colony is analyzed, therefore, the original cNeoblast is no longer present
and is no longer able to be manipulated or studied. If clonogenic cells could be identified
prospectively, this would enable much more direct assessments of cNeoblasts and their
attributes.
The present work has generated several promising candidate markers for
clonogenic cells, such as Smed-fgfr-1, Smed-ezh, Smed-soxP-1 and Smed-vasa-1.
Definitive demonstration for expression of these genes within cNeoblasts, however,
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will require methods that allow measurement of both gene expression and clonogenic
potential for individual living cells. These experiments will require new technical
advances, such as methods for lineage tracing using transgenic promoters and/or FACS
purification and transplantation of planarian cells expressing specific surface proteins.
Nevertheless, given that specific markers would surely revolutionize future investigations
into cNeoblast biology, their identification should represent a top priority for the planarian
research community.
With or without a definitive marker for cNeoblasts, single colony analysis provides
a powerful new framework for the study of planarian stem cells and their role in the
regenerative process. Findings presented here have thus illuminated many aspects of
the planarian stem cell system, but they have also posed several exciting new questions.
What is the role of cell migration in cNeoblast-mediated tissue maintenance?
Adult organisms employ a spectrum of physiological strategies for delivering
stem cell descendants (i.e. newly produced differentiating cells) to their final destination.
These strategies include short-range systems, such as the mammalian intestine, in
which tissue-resident adult stem cells are maintained locally (within the differentiated
intestinal crypt) and are capable of supplying an immediate and continuous supply
of new epithelial cells to adjacent villi (Snippert et al., 2010). Long-range stem cell
systems, however, have also been described. In the mammalian hematopoietic
system, for example, stem cells reside primarily in the bone marrow and/or spleen at a
great distance (sometimes meters) from tissues they support (Weissman, 2000). This
particular lineage, aided by the circulatory system, therefore relies heavily on migration
of both stem cells and their descendants in order to achieve tissue homeostasis. To
what extent, then, is short- or long-range cell migration required for replacement of
differentiated cells in planarians?
One important aspect of planarian anatomy is that proliferative cells are
distributed throughout the body within a loosely organized mesenchymal space known
as the parenchyma (Hyman, 1951). The parenchyma surrounds internal organs and
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abuts nearly all differentiated tissues with the exception of the head tip and distal end
of the pharynx. Proliferating cells distributed throughout the parenchyma are thus
anatomically well positioned to support and/or replace a variety of tissue types without
the need for long-range migration.
Due to the current lack of strategies for lineage tracing and historical
underutilization of transplantation experiments, only a small number of studies have
directly addressed the role of cell migration in planarian tissue homeostasis. One classic
set of experiments used ionizing irradiation together with lead shielding to selectively
ablate proliferating cells from specific regions of the adult planarian body (Dubois, 1949;
Wolff and Dubois, 1948). The Dubois studies revealed that irradiated tissue regions
would ultimately lyse in the absence of further manipulation. Irradiated tissues, however,
could be rescued if a distal position within the irradiated region was injured. These
experiments therefore suggested that (1) tissue maintenance requires local activity of
proliferating cells, (2) under normal conditions stem cells do not extensively migrate, but
they can be stimulated to do so by injury, and (3) injury-induced migration of stem cells
and/or their progeny into an irradiated region can restore local tissue homeostasis.
Results presented here are generally consistent with the Dubois model.
Observed cNeoblast colonies, firstly, appear to retain a relatively fixed location even
after multiple weeks of growth. smedwi-1+ cells of these colonies, for example, do not
appear to disperse to distant regions of the body in the absence of injury. Secondly,
the finding that colony-forming units (i.e., pluripotent cNeoblasts) are themselves
distributed throughout the ventral parenchyma suggests that local stem cell activity is
likely sufficient to maintain planarian tissues. Third, with some exceptions (notably the
anterior head rim) differentiating cell types (e.g., NB.21.11 E+ and AGAT-1+ cells) were
also generally confined the boundaries of smedwi-1+ colonies, indicating that tissue
maintenance by cNeoblasts typically operates over short-range distances.
An exciting direction for future work will be the application of cNeoblast colonies
to the study of cell migration during the regenerative process. Recent evidence in
planarians has demonstrated that, consistent with the Dubois model, mitotic cells can
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migrate in response to wounding (Wenemoser and Reddien, 2010). Furthermore,
proliferating cells have been shown to express markers of specific lineages (such as
those for the pigment cup and photoreceptor neurons) at great distances from the newly
regenerating organ, suggesting that long-range migration of stem cell descendants can
occur in planarians in response to injury (Lapan and Reddien, 2011). These findings
therefore predict that, despite the fact that colony positions remain relatively fixed in the
absence of injury, cNeoblasts and/or their descendants might become highly migratory
in response to regenerative cues. It will therefore be of great interest to study how
cNeoblast colonies produced by transplantation (or by low dose irradiation) respond to
injury. Do colonies retain their compact morphology in the presence of regenerative
cues? Alternatively, do some (or all) cells of a colony disperse and migrate towards sites
of injury? If so, what is the maximum distance over which a wound signal can operate?
Does wounding affect the rates of colony proliferation and/or differentiation? Currently,
single cell transplantation provides an ideal method to study colony cell migrations, given
that the position of the initiating cNeoblast is both known and able to be manipulated.
Cell transplantations, therefore, will undoubtedly be an invaluable tool with which to
investigate these intriguing questions.
Do cNeoblasts directly participate in the initial cellular response to injury?
For experimental simplicity, these first efforts to characterize cNeoblast lineage
capacity were generally performed in uninjured animals. Data presented here thus
indicates that cNeoblast display robust multi/pluripotent potential even under non-
regenerative conditions. Given that continuous cell and tissue turnover (even in the
absence of injury) is a well-documented aspect of planarian physiology (Reddien and
Sanchez Alvarado, 2004), this result is perhaps not surprising. What, however, is the
impact of regenerative signals on the behavior of cNeoblasts? Following amputation, it
has been shown that proliferating cells throughout the planarian body undergo a rapid
mitotic burst (within 6 hours), followed by a local and sustained proliferative response
(Wenemoser and Reddien, 2010). Amputation also elicits a local burst of differentiated
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cell production prior to and during blastema formation (Lapan and Reddien, 2011;
Scimone et al., 2011; Wenemoser and Reddien, 2010). To what extent are these events
mediated by changes in the activity of pluripotent cells (cNeoblasts)? Alternatively, might
cNeoblasts simply provide a continuous source of proliferating progenitor cells, which
themselves are responsive to regenerative cues? Answers to these questions will be
of fundamental importance for understanding how pluripotent cells are harnessed for
regenerative processes.
Is there a stem cell "niche" for cNeoblasts?
One potential outcome of analyzing individual cNeoblast colonies was that it
could have revealed a distinct anatomical region or structure from which stem cells
operate (Morris et al., 2008). Given that proliferating cells (neoblasts) of the entire
body have up to now been generally viewed as a single cell type, it is not inconceivable
that true stem cells might constitute only a subset of this larger population. Indeed,
experiments presented here using low-irradiation doses indicate that the majority of
cNeoblast colonies emerge from a ventral region of the planarian body. This is in
contrast to the proliferating compartment as a whole, which is distributed throughout
mesenchymal regions spanning the entire dorsal-ventral axis (Orii et al., 2005).
The possibility that a relatively irradiation-resistant ventral population directly
reflects the distribution of true stem cells is exciting but warrants cautious interpretation.
Such a model will need to be distinguished from at least two alternative explanations.
First, it is possible that ventral tissues are, due to unknown possible aspects of planarian
anatomy, somehow more shielded from effects of irradiation than other body regions.
Stem cells, therefore, could be distributed throughout the body, but be more susceptible
to irradiation in non-ventral regions. Second, a similar possibility is that proliferating cells
in non-ventral regions are more susceptible, due to unknown possible aspects of cell
proliferation rates or cell cycle status, to irradiation-induced DNA damage. If this were
the case, the use of irradiation might arbitrarily select for survival cells in a particular
state of the cell cycle, rather than explicitly for stem cells.
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Given these reservations, clone patterns observed here suggest that the
differentiated cells of the ventral parenchyma could, perhaps, constitute a niche for
planarian stem cells. The best-described niches, like the Drosophila ovarium, typically
have a rigid and well defined geometry (Losick et al., 2011). Loosely structured
tissues not unlike the parenchyma, however, can also accommodate stem cell
activity. Stem cells in the Drosophila intestine, for example, exist in a relatively fluid
tissue environment and do not appear to be rigidly anchored to a niche (Ohlstein
and Spradling, 2006). It will be exciting, therefore to investigate whether specific
differentiated ventral mesenchymal cell types exist in planarians, whether they express
secreted/transmembrane proteins, and whether such proteins might be required (non-
autonomously) for cNeoblast renewal, differentiation, and/or migration.
How is the pluripotent state safely maintained in adult cells?
Apart from the regenerative context, planarians also present an opportunity to
study how pluripotent cells can be successfully maintained within adult tissues. The
vast majority of mammalian species, for example, do not retain somatic pluripotent cells
beyond the earliest stages of embryonic development. Furthermore, when pluripotent
cells such as ES cells or PS cells are transplanted into adult mammalian soma, they
typically undergo unchecked growth and differentiation, forming invasive teratomas
(Evans, 1972; Martin, 1981; Martin and Evans, 1974). How then are planarian tissues
able to prevent similar outcome from adult cNeoblasts? Mechanisms must exist,
not only to specify and fine-tune cell differentiation decisions (from among a large
set of possible fate outcomes), but to also prevent precocious cell proliferation and
spontaneous differentiation. Identification of mechanisms that planarians utilize to keep
pluripotent adult cells "in check" might therefore be useful for development of ES- or iPS-
cell based therapies. In planarians, evolution has already solved the problem of in vivo
pluripotency regulation. Further study of cNeoblast biology will surely reveal additional
aspects of how this regulation has been achieved.
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1I. Clonal Analysis of cNeoblast Descendants: A New Framework
for Investigations of Planarian Stem Cell Biology
Although unanticipated, the linear ratios of distinct cell types observed within
a single cNeoblast colony have proven to be extremely useful as a functional assay.
In addition to expanding numbers of proliferating cells, colonies have now been
demonstrated to produce distinct types of post-mitotic descendants at precisely defined
ratios. NB.21.11 E+ and AGAT-1+ cell types, for example, are locally generated within
colonies at a rate of approximately one post-mitotic cell for every three proliferating
smedwi-1+ cells. Quantitative relationships between these cell populations might reflect
a regulated balance between symmetric stem cell expansion and differentiation - two
distinct processes that must be finely tuned to ensure proper functioning of a stem cell
system. Analyses of these ratios are highly informative in the investigation of stem cell
RNAi phenotypes, and are capable of decoupling and rapidly assessing the processes of
proliferative cell expansion and cellular differentiation. Using this framework, a targeted
functional screen (performed here) identified several genes regulating key aspects of
planarian stem cell biology and provides a glimpse of the types of factors that might be
important for regulation of cNeoblast pluripotency.
What intrinsic and extrinsic factors control differentiation of cNeoblast
descendants?
The regulated balance of cell types generated by a cNeoblast clone likely
extends beyond those defined by smedwi-1, NB.21.11 E, and AGAT-1 expression. Newly
characterized cell populations (e.g. Smed-gata4/5/6*, Smed-soxP-1+, Smed-vasa-1+,
Smed-zfp-1+) as well as those previously described (e.g., Smed-p53+) might all display
distinct, measurable rates of production within a cNeoblast colony. Furthermore, the
identification of additional lineage markers, especially those that label irradiation-
sensitive cell types, should be easily adaptable to quantitative single colony analysis.
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Such markers could facilitate quantitative assessment of differentiation into further
defined lineages, and would be easily applicable to RNAi studies.
Importantly, how are cell fate outcomes so precisely regulated among cNeoblast
descendants? As of now, several genes (Smed-CHD4, Smed-p53, Smed-zfp-1, and
Smed-vasa-1) are known to be essential for maintaining proper differentiation rates in
cNeoblast colonies. Interestingly, all four of these genes are expressed at least partly in
proliferating smedwi-1+ cells, and RNAi of three of these genes (Smed-p53, Smed-zfp-1,
and Smed-vasa-1) also resulted in "failed colony expansion" phenotypes. These genes,
therefore, might promote cNeoblast differentiation by functioning within proliferating
cells, and could be required for events that precede exit from mitosis. Indeed, colonies
generated by transplantation of a single zfp-1(RNAi) cNeoblast into a secondary (non-
RNAi) host also display both reduced expansion and failed differentiation, demonstrating
that this particular gene functions autonomously in cNeoblasts and/or their immediate
descendants. In addition to intrinsic factors expressed within the stem cell lineage, it
will be interesting to determine whether cNeoblast differentiation rates are modulated
by extrinsic factors (e.g., signaling molecules) and/or proximity to distinct anatomical
regions (e.g., the head rim), and to what degree such factors may fine-tune fate
decisions and/or guide differentiating cells to their final location.
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Ill. Molecular Features of Pluripotency
Common mechanisms and/or molecular features to explain the phenomenon
of pluripotency have long been sought after in the stem cell community. One particular
hypothesis was for the existence of "stemness" factors - genes that might underlie the
processes of self-renewal and differentiation across all stem cell types (Ivanova et al.,
2002; Ramalho-Santos et al., 2002). At the time it was thought that adult stem cells,
which seemed to display properties of pluripotency under certain conditions, might share
important molecular features with ES cells. To test this hypothesis, three independent
groups performed comparative transcription profiling experiments to identify genes
commonly expressed among embryonic stem cells, hematopoietic adult stem cells,
neural stem cells, and/or retinal stem cells (Fortunel et al., 2003; Ivanova et al., 2002;
Ramalho-Santos et al., 2002). Interestingly, while each of the three studies was able to
identify several hundred commonly expressed genes, these gene lists were themselves
quite divergent and only contained a single gene (integrin alpha-6) in common (Fortunel
et al., 2003). The stemness signatures identified in these studies were thus attributed
to false positives typically seen in statistical analysis of large microarray datasets.
Following these experiments, the stemness hypothesis quickly lost momentum (Mikkers
and Fris6n, 2005).
The failure to identify stemness factors in these experiments, however, does not
exclude the possibility that such genes exist. Alternatively, these particular studies might
have simply been looking in the wrong place. In part resulting from advances in genome
sequencing technology, increasing numbers of species sampling various phylogenetic
positions are being developed and studied as model organisms. Work in currently
understudied invertebrate species (e.g. sponges, cnidarians, and planarians) have led
to recent observations that somatic, often adult cells present in these organisms can
express many genes historically thought to be specific to the germline (Juliano et al.,
2010). These factors include various RNA-binding proteins such as Vasa, Bruno, and
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Piwi, which have long been used to identify and/or distinguish germ cells (Funayama et
al., 2010; Mochizuki et al., 2000; Rebscher et al., 2007; Shibata et al., 1999; Voronina
et al., 2008). Interestingly, several of the species for which this phenomenon has been
observed are capable of robust, body-wide regeneration and/or asexual budding, and
somatic cells observed to express a "germline program" might be pluripotent or broadly
multipotent (Juliano et al., 2010). Furthermore, several types of cancers, which also
can display aspects of pluripotency, are also known to express and in some cases
require germline-associated genes (Janic et al., 2010; Simpson et al., 2005). Results
presented here - namely the demonstration that Smed-bruli, Smed-vasa-1, smedwi-2,
and smedwi-3 are all required for proper function of cNeoblast colonies - add weight to
the possibility that what was once previously thought to be a germline-specific class of
regulatory genes might indeed be capable of regulating pluripotency in somatic contexts.
If germline regulatory genes can promote pluripotency in diverse biological
situations, why are these genes not expressed more predominantly in ES and iPS
cells? Importantly, many germ cell types and cNeoblasts are charged with the task
of safeguarding genome integrity for future (asexual or sexual) generations and are
therefore are under extraordinary selective pressure to minimize unwanted mutations,
chromosomal aberrations, metabolic damage, and transposon activity that could
accumulate any point during the self-renewing lifetime of these cells. In contrast to germ
cells, in vivo counterparts of ES cells - the inner cell mass (ICM) - are extremely short-
lived and only exist for a brief period during the process of embryonic development.
Furthermore, the ICM must remain poised for rapid differentiation into a wide range
of possible cell types during gastrulation. Germ cells and the ICM, therefore, reside
in discrete in vivo contexts and have evolved to fulfill quite distinct cellular tasks
(prolonged, stable self-renewal vs. rapid and exhaustive differentiation). That these cells
might have evolved distinct molecular mechanisms to contend with very different cellular
challenges should perhaps come as no surprise.
How might a network of RNA-binding proteins have evolved to regulate a
pluripotent somatic stem cell type, such as cNeoblasts? In Drosophila, both Vasa and
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Bruli promote germline function by binding to 3' UTRs of key mRNAs and regulating
protein translation (Liu et al., 2009; Webster et al., 1997). vasa loss-of-function mutants,
in particular, display pleiotropic defects in germ cell maintenance and differentiation, as
well as oocyte patterning (Tomancak et al., 1998). Accordingly, Vasa is known to bind
a wide range of target mRNAs responsible for various steps in germline differentiation
(Liu et al., 2009; Tomancak et al., 1998). Given that smed-vasa-1 is similarly required
for colony expansion and production of post-mitotic stem cell descendants, identification
of SMED-VASA-1 interacting mRNAs in planarians might unveil key genes modulating
the process of somatic cell differentiation. Do SMED-VASA-1 (and SMED-BRULI-1)
share similar molecular targets with their Drosophila counterparts, or have these proteins
evolved to regulate additional mRNAs tailored to the differentiation of non-germline
lineages? Such investigations will be of crucial importance for determining the full range




Schmidtea mediterranea has emerged as a powerful model system for
regenerative biology in which cell biological and molecular genetic studies are becoming
increasingly tractable. This species thus provides an exciting opportunity to identify and
test hypotheses related to in vivo regulation of pluripotency, the role of germline factors
in the context of somatic pluripotency, and ultimately, how pluripotent stem cells can be
harnessed for elaborate regenerative feats. The 10 years of planarian research have
seen extraordinary technical developments and revealed important principles underlying
the regenerative process. Surely the next decade will be even more exciting than the
last.
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